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FOREWORD 


This interim report describes the analytical and experimental work 
conducted to identify the onset of reactive stream separation and 
develop techniques to predict its occurrence. The activity was per- 
formed by Aerojet Liquid Rocket Company on Contract NAS 9-14186, 
under the direction of Merlyn Lausten, NASA/JSC Project Manager. 
Aerojet personnel included L. B. Bassham, Program Manager, D. L. Kors, 
Project Manager and B. R. Lawver, Project Engineer. 
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INTRODUCTION AND SUMMARY 


A. Introduction 

The objec'Live of this program was to develop an 
understanding of the mechanisms controlling hypergolic propellant 
reactive stream separation (RSS) and with that understanding develop 
design criteria which will allow the design of high performing inj- 
ectors free from both steady state RSS and cyclic propellant stream 
separation ("pops"). This objective was accomplished through test 
and analysis of single element injectors using principally N20^/MMH 
propellants. Injectors and test conditions were representative of 
the Space Shuttle Orbit Maneuvering Engine and Space Tug applications. 
The program consisted of four primary tasks: 

T ask I - Review of Existing Models and Experimental 
Data 

The Task I objectives were to: 

• Critique all existing models relating to RSS 

• Review and summarize all associated RSS data 

t Formulate updated RSS model based on exist- 
ing data. 

Task II - Detailed Program Plan Preparation 

The Task II objective was the preparation of a 
detailed program plan, i.e., the formulation of a detailed method of 
approach to be taken for model testing and verification in subsequent 
tasks. 


Task III - Definition of Governing Mechanisms 

The Task III objectives were to define the 
mechanisms governing RSS, establish limits for RSS and "pops", and 
to define appropriate models and included: 





1 Introduction and Summary (cont.) 

• Design, fabrication and testing of two 
single element unlike doublet injectors. 

• Incorporation of high speed photographic 
techniques for visual propellant stream 
characterization. 

• Correlation of propellant stream be- 
havior (RSS) with various independent 
test variables (data analysis and eval- 
uation). 

Task IV - Verification of Governing Mechanisms 

The Task IV objectives were to: 

• Establish operating limits for RSS (and 
("pops") for other injector types. 

• Verify mechanisms governing RSS and the 
appropriate physical models resulting 
from the Task III work. 

The Task IV effort included the design, fabri- 
cation and testing of triplet and self-atomizing platelet injectors. 
The term "self-atomizing" as u«ad here means that a single propellant 
provides the atomization, either by self impingement or by impinge- 
ment with a surface. 

B. Summary 

1. Task I - Model and Data Review 

Results of the Task I model review effort indic- 
ated that neither of the two existing blowapart models (JPL model and 
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I Introduction and Summary (cont.) 

ALRC model) adequately described RSS nor correlated the existing 
RSS experimental data. New correlations were developed using hydrazine 
data that showed that the chamber pressure, orifice diameter, and pro- 
pellant temperature exhibit controlling influences over blowapart. Four 
regimes of reactive stream impingement were defined: (1) mixing, (2) 
popping (cyclic blowapart), (3) low pressure separation (P < P . ), 

and (4) high pressure separation (P^ > 300 psia). 

New model concepts of reactive impingement were 
formulated on the basis of known hypergolic reaction mechanisms to 
account for all four modes. Hypergolic reaction was hypothesized to 
occur either as, high enthalpy gas phase oxidation reactions, low 
enthalpy surface reactions, fuel monopropellant gas phase reaction, 
or liquid phase reaction. However, subsequently true liquid phase 
reactions were deemed unlikely due to the reported immisibility of 
Amine fuels and N^O^ and the observed lack of liquid phase mixing pro- 
duced by impinging streams of water and dyed water. Also, the fuel 
monopropellant gas phase reactions hypothesis was subsequently shown 
to be difficult to correlate with the observed RSS regimes. The mixing 
regime was postulated to be controlled by gas phase reaction in that 
mixing occurs under conditions of low gas phase concentrations. Popping 
was postulated as a transition from the low enthalpy surface reaction 
to the high enthalpy gas-phase reactions as observed for droplet igni- 
tion. The low pressure mode of RSS was found to be due to flash vapori- 
zation of N 20 ^. Originally, the high pressure mode of RSS was postu- 
lated to be caused by recirculation gas heating of the fuel stream to 
its decomposition temperature ahead of impingement. However, this 
concept was subsequently revised on the basis of Task III and IV 
resul ts. 


2. Task II - Program Plan 

The Task II Program Plan consisted of preparing 
a detailed work plan which included all aspects of program planning. 
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I Introduction and Summary (cont.) 

i.e., program approach, hardware requirements, test plan and analy- 
tical requirements. This work was documented in Report 14186-DRL-l. 

3. Task III - Definition of Governing Mechanisms 

During the Task III testing the high pressure 
(300-1000 psia, 2-7 x 10® N/m^) mode of RSS was explored to define 
controlling mechanisms and verify the Task I model concepts. Also 
regions of RSS for the unlike doublet injector element were mapped. 

High speed (800 FR/sec) color movies were used to observe and de- 
fine operating modes. Tests were run with two unlike doublet ele- 
ments of differing impingement lengths to verify the high pressure 
RSS model. Both the experimental results and Task I analytical cal- 
culations showed recirculation gas heating to be inadequate to cause 
RSS by monopropellant decomposition. Therefore, it was concluded that 
other mechanisms are operative. 

The high speed color movies showed that RSS 
occurs gradually as the chamber pressure is increased rather than 
in a suddf' "^tep change; at least with MMH and A-50 fuels. It was 
also observea that the severity of RSS increases with increasing 
chamber pressure, fuel velocity, and fuel temperature. 

Exploratory impingement point temperature meas- 
urements were made using a 0.020 inch (.051 cm) diameter thermocouple 
probe to try to develop a better understanding of the reaction mechan- 
isms. The probe results showed that the impingement point temperature 
increased with chamber pressure and injection velocity. The data showed 
an apparent temperature discontinuity at a chamber pressure of about 
400 psia, (2.8 x 10® N/m^) corresponding to the MMH saturation tempera- 
ture. The temperature jump was interpreted as a change in reaction 
mechanism from low enthalpy surface reactions to high enthalpy gas 
phase reactions. 
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I Introduction and Summary (cont.) 

It was concluded that surface reactions play 
an important role in RSS and that both the photographic and the 
temperature probing technique should be improved during the Tas; I'J 
testing to develop a clearer understanding of RSS. 

4. Task IV - Verification of Governing Mechanisms 

The Task IV test results showed that the RSS 
is best correlated with a gas phase/surface reaction model. Ori- 
fice hydraulics were found to significantly influence RSS. For 
example, unlike doublet injectors using rounded or contoured orifice 
inlets were found to suppress RSS at low injection velocities as 
compared to sharp edged inlet orifices. Injector design correla- 
tion equations which define the onset of RSS were developed for 
a wide range of injector elements using both EDM and platelet ori- 
fices. 


It was concluded that both gas phase and sur- 
face reactions control RSS. The rate of the surface reaction appears 
to be mixing limited rather than kinetically limited, as the propel- 
lants can react as fast as they can be put together, i.e., the reac- 
tion time is much shorter than the mean contact time. Also, based 
on the Task IV analysis it appears that increasing the interfacial 
sui^face area before impingement increases the surface reaction and 
hence RSS. For example, the data show a Reynolds number influence 
on RSS and also show that unlike impingement of self-atomized or 
pre-atomized streams promotes RSS. 

Several correlation equations were evaluated 
during the program to relate RSS to injector design and operating 
parameters. The best correlation to date relates RSS to chamber 
pressure and a dimensionless propellant reactivity parameter, R. 
where R is defined as the product of fuel Reynolds number and the 
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I Introduction and Sunmary (cont.) 

square root of the product of the fuel and oxidizer vapor pressures 
divided by the chamber pressure: 

R “ Re X /Pyp X 

(Complete nomenclature is contained in Appendix A) 

Using this parameter the onset of RSS can be characterized by a 
minimum chamber pressure for RSS by the power form equation 

= a R^’ 

^RSS 

where a and b are functions of injector design and, perhaps, pro- 
pellant combination, as will be discussed in Section III. The ade- 
quacy of the correlation can best be judged by referring to the data 
plots and model curves as shown in Appendix B. 

Other correlation equations are currently 
being evaluated in order to more completely characterize the varia- 
bles which influence RSS. 

II RESULTS AND CONCLUSIONS 
A. Results 

The most significant result of this program was the 
identification of the gas phase/surface reaction mechanism which con- 
trols RSS. Injector design criteria which defined a critical chamber 
pressure for those operating conditions above which RSS occurs were 
developed from data correlations based on this mechanism. As defined 
here a surface reaction is produced by the diffusion of the surround- 
ing vapor (N20^) to the liquid (fuel) surface causing an on-going reac 
tion W' ich results in heat input and vaporization of the liquid to sus 
tain the reaction 


- 6 - 


: it 








II Results and Conclusions (cont.) 

Significant effort was devoted to the development of 
meaningful KSS correlations during the Tas*' IV effort. The final 
correlations are based on data from a parallel RSS study (Ref, t.5), 
an QMS subscale study (Ref. 26) and the Zung data (Ref. 27) as well 
as the data from this study. 

A wide variety of RSS correlating parameters were 
investigated and are tabulated in Appendix C, with the best corre- 
lation being provided by plotting the chamber pressure versus a 
dimensionless propellant reactivity parameter, R, as shown in Fig- 
ure 1. Additional data showing the model correlation are contained 
in Appendix B. The reactivity parameter is the product of the fuel 
orifice Reynolds number and the square root of the propellant vapor 
pressure products divided by the chamber pressure. As described in 
Section VA, it is believed that the interfacial surface area at the 
impingemen* point controls RSS and that propellant stream properties 
are an important consideration. For example, increasing fuel stream 
Reynolds number apparently increases the amount of surface reaction. 
Curves defining RSS operating regimes are summarized in Figure 2 
for a wide variety of injector elements and for MMH, A- 50, and 
fuels. 


The degree of gas phase reaction depends on the 
amount of propellant vapor available, which depends on the propel- 
lant temperatures. Hence, increasing the propellant temperature 
increases the amount of gas phase reaction. The chamber pressure 
influences the gas-phase reaction through the propellant vapor con- 
centrati'ins which increase with pressure. 

It was found that tiie rounded inle^ long L/D ori- 
fices used on this study and i.ne Rocketdyne study (Ref. 25) suppresses 
RSS at low values of the Reactivity parameter, as compared to sharp 
edged short L/D orifices. The chamber pressure at which RSS occurs 
is seen to be strongly dependent on the specific element type sug- 
gesting a strong influence of hydraulics on the inter-facial surface 
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Results and Conclusions (cont. ) 

area at impingement. In general the pre-atomized type of element ex- 
hibits the earliest onset of RSS, viz, the like-on-likt doublet 
and platelet elements. 

It was found that both the iMH and A-50 rounded 
inlet data car. be correlated with the same curve. The influence 
of the fuel is not conclusive since data with the rounded 

L 

inlet injector is not available. 

B. Conclusions 

The most significant conclusions are: 

1. RSS occurs in two modes depending on chamber 

pressure: (1) surface reaction mode - when fuel saturation temperature 

is less than impingement zone temperature and (2) gas phase reaction 
mode - when fuel saturation temperature is greater than Impingement 
zone temperature. 

2. The onset of RSS is controlled primarily by 
the operating chamber pressure and secondarily by the propellant 
reactivity and the amount of interfacial scrtace area at impinge- 
ment. 

3. RSS does not occur discontinuously but rather 
gradually with severity increasing with chamber pressure. 

4. The propellant reactivity is controlled by 
the propellant temperature/vapor pressure i^elationship. 

5. Increasing propellant temperature increases 
reactivity and promotes RSS. 

6. The amount of interfacial surface area at 
impingement is controlled by the injector hydraulics (i.e., orifice 
configuration and Reynolds number). 
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Results and Conclusions (cont.) 


7. Unlike impingement of self -atomized or pre- 
atomized propellant streams promote RSS through increased interfacial 
surface area. 

8. Contouring the orifice inlets of unlike im- 
pinging streams can suppress RSS by reducing interfacial surface 
area. 

9. The mechanisms controlling pops were not 

verified. 

10. RSS can be related to chamber pressure and 

a propellant reactivity parameter, R. The minimum chamber pressure 
for RSS can be specified by a power-form expression relating Pc to 
R with coefficients and exponents a function of the injector design. 

11. Further refinement of the RSS correlation 
equations is desirable in order to more adequately account for 
propellant stream influences on RSS. 

Ill APPLICATION OF RESULTS 


Injector design criteria were derived from the RSS data 
correlations by fitting curves of the form: 

P = a R^ 

*^RSS 

where : 

P 

sep 
a 

b 

R 


chamber pressure above which RSS will occur 
experimentally determined constant 
experimentally determined constant 
Re^. ^i^vox ^vf 

j p. .. 
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Re^ = Fuel stream Reynolds Number I , 

= N 20 ^ vapor pressure at the injection tempera- 

ture 

p, = fuel vapor pressure at the injection tempera- 

ture 

The experimentally determined constants are surtmarized in 
Table I. The chamber pressure above which severe RSS occurs is 
found by selecting the applicable values of a and b from Table I 
and calculating R from the propellant temperatures, orifice geo- 
metry, and injection velocity. For example, given a like-on-like 
injector using MMH and the following design and operation condi- 
tions: 

d = 0.025 in. (.064 cm) 

' <■» 

= 65 ft/sec (19.8 in/sec) 

= 125 psia (8.6 x 10^ N/m^) ' 

T^ = 70°F (294°K) 

Tox = 70°F (294“K) 

The fuel Reynolds number is: 

Re^ — d^/p^ 

where, 

= 54.5 Ib/ft^ 0 70°F (872.5 Kgm/m^ at 294"K) 

= 5.5 X 10'^ Ib/ft-sec P 70°F (8.19 x 10"^ N-sec/m at 294”! ) 

therefore, 

Re^ = 13,418 
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III Application of Results (cont.) 

t 

the '/apor pressures are: 

i 

P^ox = 15 @ 70°F (1.03 X 10^ N/m^ at 294°K) 
= 0.75 0 7C"F (5.2 x 10^ N/m^ at 294"K) 

therefore. 


I 


e 



{ 


^oxV’c ' 

and R = 13,418 x 0.0268 = 360 

From Table I, 

a = 125 
b = -0.05 

therefore , 

Psep = 125 (360)"°*°^ = 93 psia (6.41 N/m^) 

RSS would be expected to occur at chamber pressures above this. 

IV RECOMMENDATIONS 

The following recommendations are made; 

1. The injector design criteria developed here should be 
incorporated into the JANNAF DER performance program to indicate when 
an injector design is operating in an RSS mode. 



2. New correlation data should be generated for unlike 
doublet elements using orifice geometries representative of flight 
injectors. 
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Recommendations (cont.) 


f 






3. The influence of fuel type should be verified 
using N^H^, A- 50, and UDMH. 

4. Large orifice diameter (.060 inch, .152 cm) unlike 
doublets should be tested to determine mechanisms controlling pops. 

5. Experimental correlations between RSS severity 
and performance loss should be generated using the experimental 
techniques developed here and on the OMS Subscale Program (Ref. 26). 

6. Additional refinement of the existing RSS correla- 
tions should be attempted in order to more completely characterize 
propellant stream/spray fan influences on RSS. 

V TECHNICAL DISCUSSION 

A. RSS Model 

During Task III it was concluded that RSS was a surface 
reaction controlled phenomena and that it could be correlated with 
the Weber number. A Weber number model was constructed to explain 
the observed pressure and velocity influence on RSS. The Weber 
number is the ratio of aerodynamic surface forces to the surface 
tension forces acting on a liquid droplet or stream as shown in 
Figure 3. It is used to characterize droplet breakup -.ue to aero- 
dynan'^j force. A critical Weber number exists beyond which droplets 
a,’? shed or stripped from the surface. It was postulated that RSS 
would occur beyond the critical Weber number due to increased inter- 
facial surface area and hence increased reactivity as a result of 
jet shedding ahead of impingement. 

Preliminary data plots showed good correlation with 
f:,e Weber number. However, Task IV testing showed the need to in- 
clude a fuel temperature effect over and above the surface tension 
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influence. This was accomplished by modeling the fuel and oxidizer 
vapor phase concentrations just ahead of impact as shown in Figure 
4. It was assumed that the vapor phase Is in equilibrium with 
the liquid phase such that the vapor phase concentration is des- 
cribed by the vapor pressure as determined by the bulk propellant 
temperature. With this model increasing fuel temperature decreases 
the vapor phase mixture ratio such that the vapor phase becomes 
more reactive. The vapor phase mixture ratio is described by the 
equation; 



ox 


"“ox "“f T„x 


where: 


ox 


MW. 


ox 


MW^ 


ox 


oxidizer vapor pressure @ T^^, psia 
fuel vapor pressure 0 T^, psia 
oxidizer molecular wt. 
fuel molecular wt. 
oxidizer injection temperature, '’R 
fuel injection temperature, ®R 


As shown in Figure 5, the Weber number and propellant 
vapor pressure parameters correlate the unlike doublet RSS data well. 
However, correlations with other injector data were not as good and it 
was necessary to re-examine the model to derive new correlation para- 
meters. 


The dependence of RSS on the Weber number is due to 
the strong chamber pressure and injection velocity influence. It 
was found during the Task IV cold flow experiments that the onset 
of self-atomization and jet shedding depends on the Reynolds number 
as well as the Weber number. For example, it was found that jet 
shedding begins at a Weber number of 3 for turbulent jets produced 
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V Technical Discussion (cont.) 

by sharp edged orifices as compared to 12 for jets produced by 
contoured inlet orifices. This led to the realization that the 
orifice geometry and the Reynolds number influence the inter- 
facial surface area. 

The chamber pressure and fuel temperature dependence 
suggests a gas phase reaction mechanism as described by the classi- 
cal reaction rate equation; 


concentration of reactants, (moles/cc) 
rate constant 
concentration exponent 

For the classical gas phase reaction the reactant concentrations 
are related to the partial pressure through the ideal gas law; 




= n^/V = p^/RT moles/cc 

where: 

"l 


no. of moles of species 1 

V 

= 

reaction volume, cc 

Pi 

= 

partial pressure of species 1, atm 

R 

= 

universal gas constant, atm/°K-mole/cc 

T 

= 

gas temperature, ®K 


The concentration is related to the total pressure through the 
mole fraction; 


«[C] 

dt 

where: 

Cj.Cj = 

k 

m,n = 


- 1 1 - 


- P/RT 



f 

. I 
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V Technical Dis:ussion (cont.) 

where : 

= mole fraction of species 1 

Therefore, increasing chamber pressure increases the reaction 
rate and heat release rate in the gas phase through increased reac- 
tant concentrations. 

The fuel temperature also influences the gas phase 
reactions through its effect on reactant concentrations. The partial 
pressure of the reactants in the impingement zone are controlled pri- 
marily by the propellant vapor pressures. If it can be assumed that 
the propellant vapor is in equilibrium with the liquid phuse then 
the vapor phase concentrations become direct functions of the pro- 
pellant temperatures. 

The functional relationship between the reaction 
rate and the concentrations depend upon the specific reaction me- 
chanism. For example, the hydrazine/nitrogen dioxide gas phase 
reaction was found to exhibit two reaction steps depending on the 
gas temperature (Ref. 13). In the lower temperature regimes 
(T 900°K) the step I reaction stoichiometry is; 

N2H^ + NO2 — 1/2 N2H4 + H2O + NO + 1/2 N2 

with the rate being controlled by the following hydrogen abstraction 
reaction; 

N2H^ + NO2 N2H3 + MONO 

The complete reaction mechanism is given in Ref. 13. The rate 
equation is; 

d [NgH^l/dt = [N2H^] [NO 2 ] 
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where : 

[N2H^] = Hydrazine concentration 

[NO2] = nitrogen dioxide concentration 

k, = 1 o' 5-B3 e 

In the higher temperature regime (T > 1000 ‘’K) the step II 
reaction stoichiometry is; 

1/2 N2H^ +'N 0 — ►H2O + N2 

with the rate controlled by hydrazine decomposition; 

N 2 H^ NH2 + NH2 

The step II reaction rate is; 

d [N2H^]/dt = - k2 [N2H4] 

where; 

kj . e 

The Step I reaction is more likely to occur under 
the relatively low temperature conditions of reactive stream impinge- 
ment. The functional relationship between the propellant concentra- 
tion and the reaction rate for the Step I reaction is: 

d [N2H^]/dt = k^ 

-k^/(RT) CPn^H^] CPno^^ 

Therefore, it is expected that the propellant temperature influence 
should be correlated with a parameter containing the product of the 
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fuel and oxidizer partial pressure (i.e., vapor pressure). 

The partial pressures were normalized by the chamber 
pressure for correlation purposes. It was found that the best corre- 
lation is obtained by plotting the chamber pressure versus the 
product of the fuel Reynolds number and the square root of the nor- 
malized partial pressure product. 

B. Task I - Model and Data Review 

The results of the literature review and model criti- 
que were the: (1) description of the problem, (2) tabulation and 
evaluation of results of all prior RSS work, (3) critical evaluation 
of two RSS models, (4) development of RSS data correlation for hy- 
drazine fuel, and (5) development of new RSS model concepts. These 
results are discussed in detail. 

1 . Problem Description 

Popping and RSS are important design considera- 
tions because they have been found to adversely affect performance 
and stability. RSS has been observed to significantly reduce the 
performance of the following types of impinging injectors: 

• Unlike Doublet 

t Triplet 

• Like Doublet 

Experimental test results from the various 
QMS Liigine Technology programs have provided quantitative data of 
the effect of RSS on performance caused by increasing the fuel temp- 
erature from ambient to a level simulating operation with a fuel 
regeneratively-cooled chamber ('^200"F, 367®K). In many cases, the 
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injector performance decreased almost linearly with increasing fuel 
temperature. For example, as shown in Figure 6 the energy release 
efficiency decreased from 2 to 5% as the fuel temperature was in- 
creased from 50 to 240°F with two ALRC subscale OMS unlike doublet 
injectors. Similar results were also obtained with the full scale 
OMS unlike doublet injector. 

Performance reductions due to RSS have been 
found to be influenced by: 

• Propellant Temperature 

• Element Size 

• Element Spacing 

• Chamber Length 

The effect of RSS was lessened with increasing 

chamber length and decreasing orifice size as shown in Figure 6. 

RSS was noted with both N20^/A-50 and N20^/WIH propellants. 

Random high amplitude short duration (less 
than a millisecond) pressure and accelerometer disturbances were 
observevi with the N20^/Amine fueled Apollo Spacecraft engines during 
their development phase and more recently on some OMS development 
engines. These disturbances, called pops, are undesirable because 
they may trigger damaging combustion instability. In all of the 
Apollo engines the pops were eliminated or reduced to acceptable 
levels through trial and error testing since there were no design 
criteria by which logical element or pattern changes could be made. 
The pops were generally attributed to random accumulation and mono- 
propellant explosion of fuel pockets or zones caused by such things 
as poor element or pattern design, orifice flow instabilities (hy- 
draulic flip), plugged oxidizer orifices, or fuel leakage through 
weld cracks. 
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Technical Discussion (cont.) 

Although these causes are certainly possible 
recent investigations demonstrate that the observed pops are related 
to combustion phenomena associated with unlike hypergolic propellant 
stream impingement. For instance, it has been shown (Ref. 1-5) 
that small local explosions of fuel and oxidizer, rather than mono- 
propellant fuel explosions, are the source of pop triggers. The pops 
and/or pop triggers can upset engine stability by driving the feed 
system dynamics and/or chamber acoustics. 

This program was undertaken because the mechan- 
isms controlling pops and RSS were not thoroughly understood such 
that meaningful injector design criteria could be developed. The 
first task was to critically review the prior related work to 
develop a rational starting point. The results of this task are 
discussed below. 

2. Literature Review 


A summary of the literature review is contained 
in Appendix D. The key finding of each investigator is summarized 
under the comments heading. A summary of the range of parameters 
covered in these studies is shown in Table II. 

Past investigations had (1) identified four 
operating regimes for hypergolic stream impingement, (2) demon- 
strated techniques of identifying and measuring RSS and pops, 

(3) identified many of the design and operating parameters influ- 
encing RSS and pops, (4) provided a multitude of RSS and pop data, 
and (5) postulated two theoretical models for the prediction of one 
or more of the reactive impingement regimes. 

Experimental studies had identified four opera- 
ting regimes for reactive stream impingement as illustrated in Figure 
7. The occurrence of these regimes was found to be dependent on many 
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engine opera iing and design paramer''' . The conditions found to be 
conducive to the occurrence r - ;,;erating regime are listed 
i:i "igure 7, although a quantity.* . - description of these operating 
c;;nmes was found to be la:N’»’\ 

The ! wing sensing techniques had been 
used to identify the varict s impingement regimes in past investiga- 
tions: 


• Photographic 

t Performance Measurement 

9 Pressure Measurement 

• Accelerometers 

• Mass Spectrometer 

• Thermocouples 

Photographic techniques provide a qualitative 
measure of the reactive stream flow characteristics and were used 
in the first reported evidence of stream separation (Ref. 6), High 
speed movies were also ir'^trumental in the identification of cyclic 
blowapart of single doublet elements (Refs. 2, 3, 5 and 7). The 
performance measurement technique with conventional chambers provided 
a psuedo-quantitative measurement of stream separation by comparing 
the performance of a system while varying the parameter which in- 
fluences stream separation (Ref. 8). For example, the decrease in 
performance with increasing fuel temperature resulted presumably from 
increasing reactive stream separation. Performance measurements with 
a baffle chamber provided more conclusive quantitative measurement 
and was capable of identifyii.g the mixed, separated, and penetrated 
flow regimes (Ref. 9). The P^ and accelerometer measurements have 
been used to identify the "popping" regime (Refs. 1, 3, 5, and 9). 
Finally, the mass spectrometer and thermocouple measurement techniques 
wire used to measure the mixture ratio distribution downstream of the 
reactive stream impingement providing a quantitative measurement’ of 
the reactive stream mixing process (Ref. 11). 
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It was conclud3d that photographic techniques 
could best be used to define RSS mechanisms because the flow ^leld 
can be maqnified for close examination. 

3 . M odel Review and Critique 

The JPL model and ALRC model were the only 
models reported in the literature for predicting the occurrence of 
RSS and pops. Each of these models were reviewed and checked for 
accuracy using the accumulated RSS data. 

a. JPL Model 

The first model is that developed by 
Kushida and Houseman (Ref. 12) of the JPL. It postulates two 
regimes of RSS, (1) a lew pressure separation due to liquid phase 
reactions, and (2) a high pressure separation due to gas phase 
reactions. The model defines the regimes of mix and separation in 
terms of the chamber pressure, propellant temperature, and impinge- 
ment contact time (0/V) as shown in Figure 8. 

The low-pressure-separation condition 
was postulated to occur when the liquid phase reactions heat the 
propellants to the bubble point. This condition exists when; 



where: 

Tp = propellant temperature at the impingement 
^i point 

Tj^ propellant boiling temperature 
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Although Kushida does not develop this ' 

portion of the model in detail in the literature, it can be done , 

as follows. Tp is determined by the liquid phase heat release * 

rate and the contact time within the impingement zone. ^ 


T 


Pi 



j 


where: 

Tp = propellant injection temperature 

^0 

ATp = temperature rise due to liquid phase 

^ reactions 

ATp . q trMp/M„ Cp 

Q = liquid phase heat release, K cal /sec-mole 

oxidizer 

Mp = mass of propellant reacted, moles 

Hp = mass of propellant heated, moles 

Cp = specific heat of propellant, cal/mole-®K 

tr = contact time, sec. 

using: 

C = 23 cal/mole-"K for hydrazine 

P 

Q = 83 X 10^ kcal /sec-mole of oxidizer* 

ATp = 3.6 X 10^ "K/sec x tr x 

The average contact time is: 

tr = D/V 

where: 

f) - jet diameter, feet 

y = jet velocity, ft/sec 

♦Kushida's reported value of 83 kcal /sec- mole of oxidizer is in error. 
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To calculate /Tp requires that the ratio be assumed. Al- 

though Kushida does not report the value '.'sed it was calculated 

to be about 0.27 as follows: Figure 8 shows separation is pre- 

5 2 

dieted to occur below pressures of about 38 psia (2.6 x 10 N/m ) for 

a contact time of 40 p sec and 40° F (278°K) propellan t s. Usi ng 

this contact time and the N,0. saturation temperature at 38 psia 
5 2 ^ ^ 

(2.6 X 10 N/m ), the assumed ratio of is about 0.27. 

The second mode of stream separation 
is postulated to occur at high pressure due to gas phase reactions 
at the propellant stream interface. The interface is modeled as 
a stable gas film separating the liquid streams. The rate of fuel 
and oxidizer transport into the film is presumed to be limited 
by vaporization. The reaction film thickness is determined by a 
momentum balance on the reaction volume. Using a hydrazine/N20^ 
reaction mechanism and rate reported by Sawyer and Glassman (Ref. 

13) Kushida is able to develop a relationship between the contact 
time (D/V) and the pressure through the gas density. 

Separation is postulated to occur if: 

D/V " 35 (100/P)"^-^ 


where: 


P = chamber pressure, psia 

The weakness of this model is that it assumes the existence of a 
stable gas film with laminar flow at the contact point. Recent 
cold flow and reactive impingement experiments (Refs. 3, 4, and 5) 
show the impingement process to be highly unstable and cyclic in 
nature. 


The RSS/pop data summarized in Appendix 
D were plotted on the pressure/contact time coordinates (Figure 9) 
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to check the Kushida model. It is evident that the model does not 
adequately correlate the mix and separation reqimes. 

b. ALRC Model 

The second model, developed by Lawver 
(Ref. 1) of ALRC, describes regimes of mix, pop, and separation 
for reactive stream impingement as well as describing inter- 
element spacing requirements for preventing coupling of single- 
element pops with adjacent element sprays. Reactive stream impinge- 
ment is postulated to be controlled by liquid-phase reaction kine- 
tics and mixing. The onset of stream separation is postulated to 
occur when the stream residence time exceeds the ignition delay 
ti me : 




^RES - “^ign 

where: 


^RES 

D/V 

and: 


' ign 

Y e^/RT 


Y 

reaction rate constant 


E 

activation energy 


R 

Universal gas constant 


T 

Propellant temperature 


The pops are postulated to be due to the ignition of well-mixed fuel 
and oxidizer within the ligament formation zone. Pops occur when: 

'lig "^ign 
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(cont. ) 


where: 

= (200/V) (D/V) 

For a complete derivation see Reference 1, 

The regimes of mix, pop, and separation 
are defined by plotting (1/T) versus (D/V) as illustrated in Figure 
10 . 


Using this model of reactive stream 
impingement, a stream separation parameter, I, was defined such 
thaL: 


^ ' ^^ign^SEP^^^ ign^ 

where: 

^^ign^SEP ' ignition delay at separation limit 

1 ^- = ignition delay as determined by fuel 

^ temperature 

A large set of Apollo engine pop data, 
in the 100-150 psia pressure range, were correlated with this para- 
meter (Ref. 1) to define regimes of engine popping. The data corre- 
lations showed that niost engines operate within the regime of ele- 
ment popping, therefore, it became necessary to prevent inter- 
element coupling to eliminate the engine pops. On the basis of 
high speed movies (Ref. 2) which showed the element peps to be 
highly localized explosions it was theorized that the pops behave 
as spherical blastwaves in which the pressure decays rapidly with 
distance. With this theory it was possible to develop the following 
r ment spacing parameter. 
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where: 


R 


P 


c 

S 


49.2 in. 

fuel orifice diameter 
chamber pressure 
element spacing, in. 


See Ref. 1 for a complete development. Coupling occurs when: 


D > 1.2 


Application of this spacing criteria 
to the Apollo SPS IDS injector (Ref. 1) eliminated the popping. 

The RSS data tabulated in Appendix A 
were plotted on the (1/T) versus (D/V) coordinates to check the 
Lawver theory. The results showed poor correlation especially at 
higher pressures. The atmospheric pressure data are shown in 
Figure 11. It is evident that this model does not adequately 
define the mix, pop, and separate regimes. 

The model's failure to adequately corre- 
late the various regime does not invalidate its ability to accurately 
predict pop coupling. The pop blastwave coupling model merely states 
that given a regime of element popping, coupling will or will not 
occur given certain conditions of chamber pressure, element size 

, I 

and spacing. The successful application on the Apollo IDS and 
the ALRC OME engine studies is ample verification. 

Since neither the Kushida or Lawver 
models adequately correlate the operating regimes it was desirable 
to develop a new model of reactive stream impingement. 



V 





1 


Technical Discussion (cont.) 

4. I)(;velopment of Data Correltiticjis. 

The data generated by the tollowinq investi- 
gators were tabulated for computerized data analysis: 

• Lee and Houseman (Ref. 5) 

• Zung and White (Ref. 27) 

• Nurick and Cordill (Ref. 4) 

A computer program was written to summarize the 
data and to calculate and plot correlation parameters. The computer 
listing and data summaries are included in Appendix D. Of all the 
correlations plotted the factors providing the best correlation 
are: 


• Chamber Pressure 

• Orifice Diameter 

• Propellant Temperature 

Tnese factors were found to exhibit the con- 

trolling influence over the occurrence of the mix, pop, and 
separation regimes. 


The data were used to construct correlation 
plots to define the first order controlling parameters. This 
was done by plotting the data versus several parameters including: 

• 1/T^ vs (D/V)^ 

• P^ vs. D^ 

c f 

• P/D vs. T^ 

• P/D vs. (D/V)^ 
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• P/D^ vs. T 

• vs. 1/V^ 

• P vs. T 
c 

The limits of occurrence of RSS and popping 
were observed to be primarily dependent on the chamber pressure 
and orifice diameter. The orifice diameter was found to exhibit 
an overwhelming influence on the pop limit as shown in Figures 
12 and 13. These plots also indicate the existence of two distinct 
modes of RSS for hydrazine; a high-pressure mode and a low-pressure 
mode as previously reported by Zung (Ref. 3). The low pressure 
mode is associated with N 20 ^ boiling which prevents stream pene- 
tration and mixing. The second mode of RSS occurs at pressures 

6 9 

above 300 psia (2.1 x 10 N/m ). Modeling of this RSS mode is 
discussed in the subsequent section. 

In summary the data correlations showed four 
distinct modes of reactive stream impingement for hydrazine fuel; 

• Mixing 

• Popping 

• Low Pressure RSS (P < P.,^. 

c SuL ox 

• High Pressure RSS (P > 300 psia, (2.1 x 
10^ N/m^) 

5 . N ew Model Concepts 

A new model of reactive stream impingement 
was formulated through the ex<-.,:ii nation of the new RSS data correla- 
tions and re-examination of the physical and chemical processes in- 
volved. The new model presumes four regimes of reactive impingement 
as identified by the data correlations; (1) mixing or penetration, 
(2) popping (cycl 'C blowapart), (3) low pressure separation, and (4) 
high pressure separation. The existence of these regimes is believed 
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to be a consequence of the complex reaction mechanisms of the N^O^/ 
Amine propellants. Hypergolic reaction has been observed to occur 
in four basic modes: 

• High enthalpy gas-phase oxidation 
reaction 

• Low enthalpy surface reactions 

• Monopropellant decomposition 

• Liquid phase reactions 

However, it is believed that liquid phase reactions are not a 
factor in RSS since true liquid-phase reactions have been ob- 
served only with dilute mixtures of N20^ and N 2 H^ (Ref. 14). 

They are not likely to occur under reactive stream impingement 
conditions due to the immiscibility of the propellants and the 
apparent low degree of liquid/liquid mixing observed with cold 
flow liquid stream impingement. Also, it has been subsequently 
determined, based on the Task III work, that the postulated mono- 
propellant decomposition model of RSS is incorrect (See Section 
V.C.2). 


During the proposal phase, high speed color 
movies were taken of cold flow stream impingement using streams of 
water and dyed water in an effort to more fully understand the im- 
pingement process. It was found that impingement is cyclic in nature 
due to the normal streak breakup processes. The formation of surface 
waves is evident in the film sequence. The stream breakup process is 
controlled by the stream hydraulic and interfacial forces. 

Examination of the movie sequence showed the 
existence of distinct globs of water and dyed water indicating a lack 
of liquid-phase mixing. Therefore, nonreactive impingement of miscible 
fluids appears to be dominated by interfacial forces. Likewise, reac- 
tive stream impingement of inmiscible fluids is also expected to be 
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dominated by interfaclal forces. Extensive liquid-phase mixing is 
not expected. This conclusion was also reached by Breen et. al . , 

(Ref. 17), on the basis of reactive tests. Also reaction kinetic data 
derived from N 20 ^/N 2 H^ stream impingement data (Ref. 18) were found to 
agree well with the gas kinetic data of Sawyer and Glassman (Ref. 13). 
This observation along with that of Weiss, et al., (Ref. 19) showing 
N 2 O 4 /N 2 H 4 to be immiscible led Breen to the conclusion that the reac- 
tion betv/een liquid surfaces may be controlled by vapor phase kine- 
tics. 


Evidence in support of this theory is provided 
by the results of the hypergolic impingement experiments of Rodriguez 
(Ref. 20) meant to measure liquid phase reaction rate. The measured 
heat release rates reported by Rodriguez would suggest that MMH is 
more reactive than N.,H 4 which seemingly conflicts with other im- 
pingement test results which had indicated N 2 H 4 to be more reactive. 
However, his results are reasonable if in fact a gas-phase reaction 
is measured. A rather clear correlation is provided by comparing 
the vapor pressure tc the measured heat release rate as shown in 
Table III. These data show that the measured heat release rate in- 
creases with the fuel vapor pressure and show the MMH to be more 
reactive than the N 2 H 4 . 

Hypergolic surface reactions were first des- 
cribed by Lawver during a study of N 2 H 4 droplet combustion (Ref. 21). 
Droplet ignition was observed to occur through a surface reaction 
which produces a white milky substance on the droplet surface which 
has since (Ref. 21) been identified as ammonium nitrate. Ignition 
proceeds by surface reactions which heat the liquid fuel to the igni- 
tion point as shown in Figure 14. At the ignition point the reaction 
changes from the surface to that of a droplet diffusion flame. 

In a lai,er study Zung (Ref. 22) characterized 
N 2 O 4 /N 2 H 4 ignition. Photographs taken during this study clearly show 
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surface reaction phenomenon. Ignition was found to be a transition 
from low enthalpy surface reaction to high enthalpy vapor phase reac- 
tion as illustrated in Figure 14. Zung found the ignition point 
to depend on the N 20 ^ concentration and the temperature, as 
shown in Figure 15. 


At N 2 H^ temperatures below 107’F, ignition 
(i.e., transition from surface reaction to diffusion flame) is 
controlled by diffusion of N 20 ^ vapor to the liquid N 2 H^ surface. 
At temperatures higher than this, ignition is controlled by vapor 
phase kinetics. Above 187°F ignition is influenced by N 2 H^ decom- 
position kinetics. 


It was concluded that RSS and popping are 
dominated by surface and gas phase reactions and that liquid phase 
reactions are not important. Controlling reaction mechanisms were 
postulated for each of the four impingement regimes as illustrated 
in Figure 16. The pop was postulated to be a consequence of the 
transition from a low enthalpy surface reaction mode to a high 
enthalpy gas-phase reaction mode with attendant ignition of explo- 
sive intermediates formed during the pre-ignition phase. The transi- 
tion is a consequence of self-heating by the surface reactions. The 
heat-up time and the amount of heating both depend on the orifice 
size. Small orifices produce smaller ligaments which can heat to 
the ignition point before appreciable amounts of intermediates are 
formed. They also restrict the contact time (i.e., heat-up time). 
Larger jets produce correspondingly larger ligaments which allows 
sufficient self-heating and intermediate accumulation to produce pops. 
The self-heating by surface reaction is controlled by the volume to 
surface ratio and is therefore a function of the orifice diameter. 

Stream mixing was postulated to occur when the 
orifice diameter is sufficiently small to prevent pops or when the 
pressure is sufficiently high to suppress transition from surface 
reaction to vapcr-phase reaction until the ligaments are shed into 
droplets . 
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i 





Low-pressure RSS occurs when the temp- 
erature exceeds its saturation temperatures. The resultant two- 
phase stream enhances surface and/or qas phase reactions which pre- 
vent interdispersion of propellant droplets. 

High-pressure RSS was postulated to be a con- 
sequence of monopropellant decomposition of the fuel vapor due to 
recirculation gas heating of the fuel stream ahead of impact. The 
resultant decomposition would produce gas-phase reactions upon con- 
tact with the oxidizer stream and the separation would be controlled 
by the fuel vapor pressure. However, subsequent analyses and data 
from the Task III effort indicates the recirculation gas heating 
to be of negligible consequence over the range of injection para- 
meters surveyed. 


POSTULATED POP MECHANISMS 


Previous studies had identified the following pop charac- 
teristics: 

• Cyclic nature 

f Explosions originate close to impingement point 

• Explosions emit high velocity blastwaves 

• Explosions have been classified as to their 

strength 

• Frequency of occurrence and strength depends on 
diameter, D/V, and fuel properties 

Nurick and Cordill (Ref. 4) suggested the possibility that 
the explosions may be due to either ignition by impact of explosive 
intermediates or ignition of mixed propellants. The possibility of 
ignition of shock-sensitive intermediates by impact was shown to be 
unlikely since the calculated impact forces for typical stream velo- 
cities are orders of magnitude lower than that required for detona- 
tion. For instance the maximum impact energy for a 0.040 in. diameter 
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jet at 50 ft/s(>( velocity is 43 x 10 ^ ft-lb, A iiiinimuni of 4-ft-lb 
is required {Ret. 16) to detonate the intermediates. Also it was ob- 
served that the popping frequency and strength decrease with increasing 
velocity which is the inverse of that expected for an impact ignition 
tnechani sni. 

It was postulated during the proposal phase that the explo- 
sions may also be triggered by compression of the gas bubbles formed 
as a result of the surface reactions. Adiabatic compression of the 
gas bubbles by liquid stream impact could produce sufficiently high 
temperatures to trigger the explosive intermediates. This process 
would be expected to be highly random in nature. This mechanism was 
not experimentally investigated because it is believed that the explo- 
sions are most likely due to ignition by hypergolic self-heating 
through interfacial surface reactions as described above. This mechan- 
ism was not investigated. 

POSTULATED HIGH PRESSURE RSS MECHANISM 


The Task I data correlations showed that high pressure RSS 
occurs above 300 psia for N20^/N2H^. It was also noted that the N 2 H^ 
saturation temperature (ASO^F) at this pressure coincides with the 
N 2 H^ vapor decomposition temperature (Ref. 15). This observation 
suggested a monopropellant decomposition mechanism for high-pressure 
RSS. It was postulated that RSS could occur as illustrated in Figure 
17 by recirculation gas heating of a significant portion of the N 2 H^ 
to its saturation temperature prior to impact. When the saturation 
temperature exceeds 450°F (506°K) then monopropellant decomposition 
occurs causing RSS, as illustrated in Figure 17. At 300 (2.1 x 10^ 
N/m^) psia this would result in monopropellant decomposition of 
the N 2 H^ thus preventing stream mixing. Extending the theory to 
other fuels would suggest that separation with MMH and A-50 would 
occur at higher chamber pressure due to their higher vapor pressures 
as shown in Table IV. 
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It was decided to analytically verify this theory during 
the contract Task I effort. The results of the modeling presented 
in the following section indicates inadequate heating of the free 
stream to heat a significant portion of the fuel stream to the 
saturation temperature. The analytical results were experimentally 
verified in Task III by testing with elements having different 
free stream lengths (i.e., different impingement distance). 

The recirculation gas heating of the free^stream was modeled 
as illustrated in Figure 18. Combustion recirculation gas heats the 
surface film of fuel to the boiling point in the free-stream ahead 
of impact. The resultant surface film monopropellant decomposition 
prevents inter-propellant stream mixing. 

The fuel stream liquid temperature and fuel vapor tempera- 
ture were calculated using the heat and mass transfer equations dev- 
eloped by Priem in NASA-TR67 for droplet vaporization. A cross- 
section of the fuel jet illustrated in Figure 18 shows the vapori- 
zation mechanism. Also shown are the typical temperature profiles 
for fuel vaporization with and without monopropellant decomposi- 
tion of the fuel vapor. The influence of the decomposition is to 
increase the heat flux to the droplet by steepening of the tempera- 
ture gradient. The equations describing the heat and mass transfer 
are also shown in Figure 18. These equations were computer coded 
fjr a finite difference calculation. The classic Ranz-Marshal 1 
correlation was used for fuel vaporization without decomposition 
and a predicted Nusselt number which accounts for decomposition was 
used for the case of monopropellant decomposition. A computer listing 
is included in Appendix D. 

The computer results indicate that for a hydrazine free- 
jet length of 4 L/D's injected at 50 ft/sec (15.2 m/sec) the liquid 
temperature rise would be on the order of only 10®F (5.6%) for jets 
from .027 to .060 inches (.069 to .152 cm) diameter at 300 psia 
(2.1 X 10 N/m ) chamber pressure. Less than .1 percent of the liquid 
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mass would be expected to vaporize prior to impingement. These 
calculations indicate that insufficient pre- impingement heating 
occurs to heat the fuel stream to the saturation temperature. 

Thus it was concluded that free-stream heating by recirculation 
gas does not control high pressure RSS. Subsequent experiments 
support this conclusion. However, recirculation heating may in- 
crease the free jet boundary layer temperature and result in more 
droplfcc shedding due to increased Weber number due to lower jet 
boundary surface tension and add to gas generation. 

The conclusions drawn from the Task I results were: 

(1) Previous investigations had identified four 
operating regimes of reactive stream impingement; (1) Mixing - 
impingement results in uniform spray field mixture ratio distri- 
bution, (2) Separation - impingement results in non-uniform spray 
field mixture ratio distribution with fuel and oxidizer striations, 

(3) Pentration - impingement results in non-uniform spray field 
mixture ratio distribution with fuel and oxidizer "shoot through", 
and (4) Popping - Impingement results in random or cyclic explosion 
of spray field producing blowapart and blastwaves. 

(2) Two regimes of RSS exist, a high pressure mode 

6 2 

(P^ > 300 psia (2.1 x 10 N/n ) for hydrazine) due to reactive stream 
blowapart and a low pressure mode (P^ < P^^^ ) due to oxidizer boil- 


(3) The operating and design factors exhibiting the 
greatest influence cr. RSS and popping with hydrazine fuel are: (1) 
chamber pressure, (2) orifice diameter, and (3) propellant temperature. 

(4) Neither the Kush-‘da (JPL) or the Law.er RSS 
models (ALRC) adequately correlate RSS and popping and a new RSS 
model is required. 
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(5) RSS appeared to be related to four possible 
mechanisms of hypergolic reaction; (1) high enthalpy gas-phase reac- 
tion, (2) low enthalpy surface reactions, (3) monopropellant decom- 
position, and (4) liquid phase reactions. High pressure RSS was 
concluded to be a result of monopropellant reaction, however. Task III 
and IV testing show this not to be case. It was also concluded that 
liquid phase reactions are not important due to the predominance of 
surface reactions and lack of liquid phase mixing. 

C. Task III - Definition of Governing Mechanisms 


During the Task III effort two unlike 
doublet injector elements were designed, fabricated, and tested 
in a photographic test chamber with four GN 2 cooled quartz windows. 
The injection elements were identical except for impingement length 
which was varied to test the monopropellant decomposition RSS model 
formulated in Task I. 


High speed movies of reactive stream 

impingement were taken over the pressure range of 100-1000 psia 
2 

(6.89 - 68.9 N/m ). It was observed that; (1) photographic clarity 
decreased with increasing chamber pressure, (2) RSS was not sensitive 
to impingement length for the range tested (0.160 - 0.060 inches 
.406 - .152 cm), (3) RSS occurs gradually as pressure is increased 
from 100-1000 psia (6.89 - 68.9 N/m*") and that RSS severity in- 
creases with chamber pressure, fuel temperature, and injection velo- 
city, and (4) RSS severity depends on fuel composition - MMH separates 
at a lower chamber pressure and at lower propellant temperature than 
does A-50. 


A temperature probe technique was used 
to measure impingement point reaction temperature rise. A discon- 
tinuity in the impingement point temperature rise as chamber pressure 
is increased was observed. These results are discussed in detail. 
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1 . Task III Test Objectives and Conditions 

The two unlike doublet injector elements 
were tested over the range of parameters listed in Table V in an 
effort to determine the mechanisms controlling RSS. The injectors, 
test chamber, and test setup are described in detail in Section 
V,E. 


The Task III test objectives and results are 
included in Table V. A detailed test condition log was maintained 
and is included in Appendix B. The test data were stored in 
a computer data file for easy manipulation and correlation. A 
listing of the reduced data is included in Appendix E. 

The objectives of the first series of tests 
(#101-106) were to verify proper test stand operation and to 
check the photographic equipment. The tests showed that the back- 
lighting intensity was too bright and that the test stand functioned 
as required. Examination of the movie pictures showed the unlike 
doublet to be separated at all of the conditions tested. Separa- 
tion is defined as the appearance of unmixed oxidizer in the spray 
field evidenced by clouds of dark brown NO 2 . Although density grad- 
ients between the cold window purge gas and the hot combustion gas 
obscured detail in the impingement zone at the higher pressures, the 
spray field operating mode was readily discernible. 

The backlight was modified prior to the next 
test series to imp.»*ove photography. A sheet of polorized filter 
paper and a sheet of ground glass were placed between the Fresnel 
lense and the test chamber to reduce the backlighting intensity end 
to eliminate parallel light from ^he quartz lamp. 

The next series of tests (#1 07-111) were run 

at lower pressures to determine the pressure limit of RSS. The onset 

of RSS was found to occur between 100 and 150 psia (6.09 and 10.3 x 
5 2 

10 N/m ) with ambient temperature MMH. The recirculation gas model 
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developed in Task I had predicted separation at about 400 psia 
fi 9 

(2.75 X 10 N/m ) with MMH. RSS was found to gradually worsen with 
increasing pressure. The density gradients produced by the GN^ 
purge were still visible but their intensity was found to decrease 
with pressure. Good, clear pictures were obtained at the lower 
pressures (100-200 psi, 6.89-13.78 x 10^ N/m^). 

The next set of tests (#112-123) were run 

with A-50 to determine the influence of fuel vapor pressure on RSS. 

The hot gas recirculation model had predicted that A-50 would 

fi ? 

separate at 500 psia (3.44 x 10 N/m ) as compared to 400 psia 
6 2 

(2.75 X 10 N/m ) for fWH. The data showed ambient temperature 

5 2 

A-50 to separate at about 200 osia (13.78 x 10 N/m ) as compared 

5 2 

to about 150 psia (10.3 x 10 N/m ) for the MMH. The increase in 
separation severity with pressure is readily apparent in Figure 19 
which shows a series of single movie frames from successive tests 
at increasing chamber pressures. Test No. 117 was run at a lower 
injection velocity to determine its influence on RSS. The movie 
film shows notably less separation at the lower velocity (88 ft/sec, 
26.8 m/sec) than at the nominal velocity (125 ft/sec, 38.1 m/sec. 

The next series of tests (No. 124-132) were 
run with the short impingement length doublet to determine the 
influence of recirculation gas heating on RSS. The Task I model 
had indicated that RSS should depend on impingement length. The 
movie data do not show any discernible difference in separation 
characteristics between the long impingement (0.160 in., .406 cm)and 
the short impingement (0.060 in., .152 cm) doublet elements. 

Test Numbers 134-138 were run with heated 

2 

fuel over the pressure range of 100-250 psia (6.89 - 17.2 x 105 N/m ). 
The movies show a pronounced worsening of separation with increased 
fuel temperature. This Influence is demonstrated by the movie frames 
shown in Figure 20. Also shown in Figure 20, is the thermocouple 
used to probe the impingement point in the subsequent set of tests. 
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The onset of separation was found to occur at 100 psia (6.89 x 
10^ N/m^) with 200''F (367^K) MMH. 

The final Task III test set (No. 139-152) was 
run with ambient temperature propellants and the thermocouple probe 
mount-d as shown in Figure 20. Initially, a 0.010 in. (.0254 cm) 
dia. thermocojple was used, however, it lacked sufficient mechanical 
strength to remain in a fixed position. It was discarded for a 
more rigid 0.020 in. (.0508 cm) dia. thermocouple. The movies 
indicate some disruption of the impingement by the thermocouple 
particularly at the lower velocity conditions, however, the temp- 
erature data are reasonably consistent and orderly. The temperature 
probing technique appeared to offer significant quantitative data 
on impingement point heating and therefore was improved and used 
during the Task IV testing. These temperature data were used to 
correlate propellant stream temperature rise, AT, to fuel Weber 
number and is thought to contribute to RSS. 

2. Task III Interpretation of Test Results 

The impingement process was observed to be 
cyclic in nature in both the mixed and separated modes. Although 
detailed frequency measurements were not mada, the characteristic 
frequencies appeared to correspond to the frequencies observed in 
cold flow suggesting that the cyclic nature is characteristic of the 
ligament shedding process. Energetic cyclic blowapart (i.e., popping) 
was not observed on any of the test. The Task I data correlations 
would indicate that none should have occurred with the small orifice 
diameter used. 


The RSS data for both MMH and A-50 fuels were 
plotted on the pressure versus temperature scales as shown in Figure 
2 for comparison with the Task I data correlations previously dis- 
played in Figures 12 and 13. It is noted that the A-50 separates 
at a higher pressure than the MMH and that the pressure at which MMH 
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V Technical Discussion (cont.) 

separates decreases with increasing fuel temperature. The N 2 H^ 
data of Zung (Ref. 27) did not reflect an influence of inlet 
temperature on high pressure RSS. 

Listed in Table IV are the predicted and 
measured RSS pressure limits for ambient temperature MMH and A-50. 

Also included is Zung's N 2 H^ data for reference. The pressure 
limits were predicted on the basis of the recirculation gas heating 
model developed in Task I. The model states that separation should 
occur at the pressure corresponding to the fuel vapor pressure at 
450°F, the vapor phase decomposition temperature. It is seen that 
the pressure levels do not agree and that the trend in fuel type 
is correct for MMH and A-50 but not for N 2 H^. In view of this 
and the fact that the analytical calculations had indicated in- 
sufficient heating, the hot gas recirculation model does not 
appear valid. 

The experimentally measured (Ref. 20) heat 
release rates and the onset of RSS as shown on Table VI would 
seem to indicate a correlation between RSS and propellant reacti- 
vities, as measured by the heat release rates. This dependence on 
propellant reactivity was experimentally observed by noting that 
the impingement point temperature was found to depend on the chamber 
pressure and the propellant velocity. These influences appeared to 
be accounted for by adding the propellant stream dynamic head to 
the chamber pressure as shown in Figure 22. Also included in Figure 
22 are the saturation temperature lines for N20^ and MMH. There 
appears to be two modes of RSS as evidenced by a step change in 
temperature. The temperature discontinuity is believed to be indi- 
cative of a change in reaction mechanism as suggested by the popping 
regime mechanism described in Section IV. 6. 3. It is believed that 
low enthalpy surface reactions heat the propellants to their satura- 
tion temperatures and that when the fuel saturation temperature is 
exceeded, the reaction switches to a high enthalpy gas phase reaction. 
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V Technical Discussion (cont.) 

It was also thought that the onset of visual separation might occur 
when the impingement point temperature exceeds the saturation 
temperature. However, as indicated in Figure 22 this was not found 
to be true uS there are mixed conditions above the saturation 
temperature. It was concluded that the onset of RSS could not be 
correlated with impingement point temperature rise alone. 

The low enthalpy surface controlled reaction 
was expected to be primarily a funct'on of the propellant inter- 
facial surface area at the point of impact which is expected to 
be related to propellant stream turbulence level or Reynolds number. 
A dependence of impingement point AT on fuel Reynolds number (Rg^) 
up to the point of transition from low to high enthalpy reaction 
was found • Beyond the transition there v;as no dependence of 
impingement point aT. on R^. Examination of the movie film brought 
the realization that a free jet may also experience self-atomization 
prior to impingement, thus influencing the effective surface area 
at impact. The self-atomization of a free stream is characterized 
by the ratio of aerodynamic to surface tension forces as described 
by the Weber number. The impingement point temperature rise was 
plotted versus the fuel and the oxidizer Weber number as shown in 
Figure 23. There appeared to be some dependence of aT^. on Weber 
number. It is noted that the temperature transition occurs beyond 
the critical Weber No. which signifies the onset of self atomization 
and increased surface area. It was noted that the occurrence of 
visual RSS was also correlated by the critical Weber number. 

The following conclusions were drawn from the 

Task III results: 

(1) The GN^ window purge produces visible gas 
density gradients which obscure the spray field at higher pressures. 
Consequently Task IV tests were conducted both with helium purge 
gas and without purge gas which verified this conclusion. 
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(2) The proposed monopropellant decomposition 
model of RSS is incorrect. 

(3) RSS depends on surface reactions. 

(4) RSS occurs in two modes depending on 
chamber pressure: (1) low enthalpy reaction (fuel saturation temp- 
erature less than impingement point temperature), (2) high enthalpy 
reaction (fuel saturation temperature greater than the impingement 
point temperature). 


(5) The Weber number is a useful RSS corre- 
lation parameter and Task IV testing should explore the surface 
controlled reaction mechanism further. 

D. Task IV - Verification of Goveriiing Mechanisms 

The work conducted during this task resulted in; 

(1) the improvement of the photographic and temperature probe 
technique which significantly improved the spray field clarity 
and understanding of reaction mechanisms, (2) the completion of 
130 hot fire tests and 10 cold flow tests covering a wide range 
of operating conditions using an unlike doublet element, two triplet 
elements, and two platelet elements, (3) the development of RSS 
correlations for injector design purposes. 

1. Task IV Experimental Results 

The Task IV test objectives, conditions, and 
results are summarized in Table VII. The significant results of each 
group of tests are described below. 

The first series of tests were run to improve 
both the temperature probe technique and the photographic definition 
of the reactive spray field. It had been found in the Task III 
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testing that gas density gradients produced by the cold GN^ purge 
gas were visible under the high speed photographic conditions. The 
density gradients obscured the field of view at the higher pressures 
such that detailed description of the operating mode could not 
be made. It was reasoned that the density difference between the 
cold GN 2 and the hot combustion gas could be reduced by using helium 
in place of nitrogen. Testing with helium purge verified that to 
be true. 


The photographs obtained using Helium purge 
were significantly clearer than those obtained with the nitrogen 
purge. However, the cold window permitted condensation of small 
quantities of fuel. The cost of using helium for the entire test 
program would have been prohibitive within the cost constraints 
of the program. Therefore, with the concurrence of the NASA techni- 
cal monitor, it was decided to test with no purge to evaluate the 
ability of the hardware to run uncooled. The tests were highly 
successful in that no hardware damage was incurred and the pic- 
tures obtained were of the highest quality ever produced. There- 
fore, all subsequent tests were run without purge. The improved 
visibility allowed the mode of operation to be more finely classi- 
fied. For example, it was possible to identify four distinct modes; 
mixing, mixing with penetration, mixing with incipient separation 
and separation as illustrated in Figure 7. 

The thermocouple probe was reduced in size 
from a 0.020 inch (.0508 cm) diameter to a 0.010 inch (.0254 cm) 
diameter probe as shown in Figure 24. to lessen its influence on 
the impingement process. Cold flow tests were run with the smaller 
probe to determine its influence on the spray character. It was 
found that no visible disruption of the spray was discornible at 
pressure drops above 10 psi (6.89 x 10^ N/m^). The 0.010 inch 
(.0254 cm) diameter probe was supported by a 0.020 inch (.0508 cm) 
diameter sheath for rigidity as shown in Figure 24. 
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The next three sets of tests were run to 
determine the influence of chamber pressure, propellant tempera- 
ture, injection velocity, and fuel type on the impingement point 
temperature rise (aT^) and RSS. It was initially concluded that these 
influences on aT^. and RSS could be correlated with the Weber number 
parameter which is discussed in detail in Section IV.E. However, 
closer examination of the data led to the conclusion that factors 
accounting for the fuel reactivity must be included. 

It was found that the Weber number at which 
RSS occurs depends on the propellant temperature as shown in 
Figure 25. The influence of fuel temperature on RSS was believed 
to be due to the vapor pressure dependence. Increasing propellant 
temperature increases the vapor pressure and hence the propellant 
partial pressures and propellant concentrations, making a more 
reactive vapor mixture. A model of propellant reactivity in terms 
of a vapor phase mixture ratio is described in Section IV.E. This 
vapor phase mixture ratio parameter was used to correlate RSS for 
MMH as previously shown in Figure 5. The A-50 data were found to 
also be correlated with the Weber number and MR^p. 

Visual examination of the movies showed the 
character of the fuel and oxidizer stream to change with velocity 
as evidenced by the reflective quality of the stream surfaces. 

The fuel stream surface was observed to be smooth and highly reflec- 
tive at fuel velocities below about 67 ft/sec (20 m/sec). The fuel 
stream appearance transitions to a rough and non-reflective surface 
at velocities greater than this. It was initially thought that this 
was evidence of the onset of self atomization due to the Weber 
number influence. However, cold flow tests, reported in Section V.D.2 
will show that the observed behavior corresponds to a transition from 
laminar to turbulent flow. As discussed in Section V.D.2 the contoured 
inlet suppres.>es the transition from laminar to turbulent flow such 
that transition occurs at a Reynolds number dependent on the orifice 


- 44 - 


V 




Technical Discussion (cont.) 

L/D. Transition was predicted to occur at a Reynolds number of 
12,500 for the unlike doublet fuel orifice which is in excellent 
agreement with the experiment. The oxidizer stream exhibited a 
similar transition in stream surface quality indicating a similar 
flow transition. 


The impingement point temperature rise, aT^ , 
was plotted versus the fuel orifice Reynolds number as shown in 
Figure 26. These data appear to indicate that there is both a 
Reynolds number and propellant temperature influence on RSS. 

The next series of tests were run using water 
and freon as propellant simulants to determine the influence of 
reaction on the observed cyclic nature of stream impingement. It 
was found that the observed jet shedding and atomization frequencies 
were the same as observed in the hot fire tests. The fuel orifice 
transition Reynolds number was also verified. 

The final series of tests were run to map the 
RSS regimes for the X-doublet and splash plate platelet elements 
and two different sized EDM triplet elements. These elements pro- 
duced similar trends of RSS with chamber pressure and the dimension- 
less reactivity parameter, R. The similarity of the trends is re- 
flected by the small differences between the correlation coefficients 
and exponents shown on Table I. These data indicate parallel trends 
of minimum chamber pressure for RSS as a function of R. (Constant 
correlation exponent). Also the intercepts of the correlation equa- 
tions are within + 16% of each other for the three injector types. 

The data contained in Appendix B show the correlation equations for 
these injectors to adequately characterize RSS. 
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2 . Cold Flow Results 

The unlike doublet elements were cold flow 
tested during Task III to determine their hydraulic resistance. 
The results are plotted in Figure 27. The injector resistances 
determined during Task IV for the two triplet and two platelet 
injectors are shown in Figures 28 and 29. 

The unlike doublet injector was visually 
observed to flow in an attached mode over the entire flow range 
as verified by the smooth data plot. It was visually observed 
that the flow experienced a transition from laminar to turbulent 
as the pressure drop was increased. The transition occurs at a 
pressure drop of about 40 psi as shown in Figure 30. The transi- 
tion from laminar to turbulent flow was not apparent from the 
cold flow plots of Figure 27, since most of the pressure losses 
were turbulent entrance and exit losses rather than boundary 
layer shear losses. The flow model described in Reference 23 
predicts that the contoured inlet should suppress transition 
from laminar to turbulent flow until a Reynolds number based on 
orifice length of about 300,000 is reached. This corresponds to 
a Reynolds number based on diameter of about 12,500. The experi- 
mental data is in excellent agreement. It was also observed that 
the onset of self-atomization occurs at a Weber Number of about 
12 which is in agreement with that reported in Ref. 24 for drop- 
let breakup. 


The fuel orifices in both the small and 

large triplet elements were also observed to flow attached over 

the flow range. However, the oxidizer orifices were observed to 

experience hydraulic flip. The larger oxidizer orifice (D^ = 0.049 

Inch, .124 cm) detached at a pressure drop of about 25 psi whereas 

the smaller orifice (D„ = 0.033, .084 cm) detached at about 45 psi 
5 2 ^ 

(3.1 X 10 N/m ). The transition from attached to detached flow 
is apparent in the strobe lighted photographs shown in Figure 31. 
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Hydraulic flip is a consequence of flowing to anbient backpressure 
which permits cavitation in the vena contracta. The orifices were 
observed to flow in the attached mode at the hot test conditions. 
The only consequence of flowing detached in cold flow is that the 
discharge coefficients may be significantly less (.6 compared to 
.8) than for the attached hot fire test conditions. This could 
lead to errors in predicted hot fire test injector admittance, 
if not recognized. 


The important observation from an RSS stand- 
point is that the triplets' sharp edged short L/D orifices all ex- 
hibit turbulent flow. Another important observation is, that the 
onset of self-atomization was found to occur at a Weber number of 
3 as compared to 12 for the contoured long L/D unlike doublet ori- 
fice. The significance of this observation is that it identifies 
orifice geometry dependence on the onset of self-atomization and/or 
critical Weber number. It was concluded that turbulent propellant 
streams will produce greater interfacial surface area on impact than 
coherent laminar streams such that RSS il expected to be aggravated. 

The conclusions drawn from Task IV are: 

1. The use of cold window purge gases 
should be avoided in photographic test chambers. 

2. RSS is a gas phase/surface reaction related 
phenomena which is influenced by injector hydraulics, chamber pres- 
sure, fuel type and temperature, and injection velocity. 

3. The chamber pressure and injector hy- 
draulics exert the strongest influence on RSS, with RSS increasing 
with increasing chamber pressure, propellant temperature and pro- 
pellant stream surface area. 
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V Technical Discussion (cont.) 

4. The chamber pressure above which severe 
RSS occurs is predicted by a dimensionless propellant reactivity 
parameter, R, which accounts for injector hydraulics (through the 
fuel Reynolds number and the vapor phase propellant through a nor- 
malized propellant partial pressure product. 

5. Cyclic blowapart (popping) was not 
observed on any of the tests. 

E. Experimental Hardware and Test Setup 
1 . Test Apparatus 

The test apparatus consists of a test chamber 
equipped with transparent viewing ports and removable injectors 
and nozzles as shown in Figure 32. The test chamber and an unlike 
doublet injector were designed and fabricated during the Task III 
effort. Two triplet and two platelet injectors were designed and 
fabricated during the Task IV effort. 

a. Test Chamber 

The test chamber was machined from a 
4-inch square x 6-inch long block of 304 CRES. The combustion cham- 
ber section is 4 inches (10.16 cm) long, to which a 2 in. (5.08 cm) 
L* spacer is bolted to increase the combustion zone length to 6 
inches (15.2 cm). The block was bored to provide a 2.75 inch (6.99 
cm) diameter combustion chamber. Four circular quartz windows were 
provided to facilitate photography and to allow flexibility in 
photographic lighting of the combustion process. The windows are 
1/2 inch (1.27 cm) thick to provide a safety margin for 1000 psia 
(6.89 X 10 N/m ) operation. The flat quartz windows are sandwiched 
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between durabula gaskets for cushioning against ignition shocks and 
uneven loading. A silicon "0" ring provides sealing on the window 
periphery. Quartz windows are used to provide good propellant 
compatibility and well defined optical properties. 

The chamber was designed to provide an 
inert gas (GN 2 ) film purge -u ^ '"event obscuring the view by pro- 
pellant spray impingement on the windows. The gas purge flow is 
injected through four inlets into an annular manifold. The gas is 
directed from the manifold through an annular gap and made to flow 
around the periphery of the chamber wall. The gas passages were 
sized such that the GN^ is injected into the chamber at 50 ft/sec 
(15.2 m/sec) at 300 psia (2.07 x 10^ N/m^) chamber pressure to 
minimize mixing with the propellant spray and combustion gas. Sub- 
sequent testing showed that the cold GN 2 purge gas causes poor 
spray field visioility due to the density gradient created between 
it and the hot combustion gas. A significant improvement in visi- 
bility was made by matching the purge gas density to the combustion 
gas density by using a cold helium purge. However, the best photo- 
graphs were obtained with no purge at all. 

Provision was made for mounting both high 
and low frequency response pressure transducers and thermocou[ 'es. 
The nozzles consist of removable copper inserts drilled to provide 
he desired operating pressures. 

b. Injectors 

(1) Task III Injectors 

The injector body was made in a 
cylindrical "piston" shaoe as shown in Figure 33 to fit into the 
chamber purge ring located at the forward end of th.. chamber. The 
injector is held in the purge ring by alien head screws. A silicon 
rubber 0-ring seals the injector to the purge ring. 
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The injector consists of a main 

body with brazed-on inlet tubes. The injectors were made of 304 CRES 
to permit braze assembly and provide dimensionally stable orifices. 
Two injector patterns were incorporated in one body as shown in 
Figure 33 to reduce fabrication costs. The unlike doublet element 
design parameters are included in Figure 33. The orifice L/D's 
were made long (24/1) with rounded inlets to provide controlled 
hydraulics. 

The injector orifices were flow 
tested prior to the Task III hot fire testing to measure Kw's 
and to verify impingement accuracy. The flow data are discussed 
in Section V.D.2. Subsequent cold flow tests were run during Task 
IV to characterize the rounded inlet orifice hydraulics. Results 
of these tests are also discussed in Section V.D.2. 

A high frequency response Kistler 
pressure transducer mounting port was provided in the long impinge- 
ment doublet as shown in Figure 33 to measure impingement point 
disturbances. This port wes also used to install a high response 
t‘'ermocouple for measuring the impingement point temperature rise. 

(2) Task IV Injectors 

The triplet element and the self- 
atomizing platelet element were selected for test evaluation during 
Task IV. Two different triplet injectors were designed to evaluate 
the influence of orifice diameter on RSS. The larger triplet ele- 
.nent uses 0.030 inch (.076 cm) diameter fuel orifices and the 
smaller one uses 0.020 (.05 cm) inch dia. fuel orifices. The design 
details are shown in the schematic of Figure 34. Both elements 
were FDM machined into the same injector body to reduce fabrication 
costs. Separate propellant inlets were provided. 
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The orifices were designed with 

short L/O's and sharp edged inlets to simulate typical rocket injector 
orifice hydraulics. The results of a cold flow evaluation of the 
triplet injectors are discussed in Section V.D.2. 

The X-doublet and the splash plate 
self atomizing platelet elements shown in Figure 35 were selected 
for tost evaluation. Both elements were photoetched into the same 
platelet stack for minimum cost. The platelet stack was bolted to 
an injector body provided with a single set of propellant inlets. 
Manifolding of the desired element was accomplished by rotation 
of the platelet stack. "0" rings were used to seal the platelet 
stack propellant passages to the injector body. 

The X-doublet element consists 

of a parallel self-atomized fuel and a parallel self-atomized oxidizer 
stream placed in close proximity to one another such that mixing 
occurs by parallel stream momentum exchange. Self -atomization is 
accomplished by self- impingement within the platelet stack as shown 
in Figure 35. The resultant atomized stream is ejected perpendi- 
cularly from the platelet stack. The splash plate element consists 
of one self-atomized fuel stream impinging on one self-atomized 
oxidizer stream as shown in Figure 35. The self-atomization is 
produced by impinging the propellant stream against a splash plate 
as shown in Figure 35. 

2. Hot Fire Test Facility Setup 

The test apparatus was setup in the Research 
Physics Laboratory Test Bay 2 shown in Figure 36, 

A schematic of the propellant system used is 
shown in Figure 37. Propellant (MMH/A-50/NT0) is stored in 50- 
qallon, 3000-psi run vessels. Gaseous nitrogen pressurization of 
these systems was used to provide controlled run conditions over a 
wide range of injector and chamber pressures. 


- 51 - 



1 1 


V Technical Discussion (cont.) 

Propellant conditioning was provided by 
installing in-line heat exchangers iimiediately upstream of the 
thrust chamber valves. A hot water circulation type temperature 
conditioning system was used to provide independent conditioning 
of the ox and fuel to temperatures from ambient to 300°F. 

A separately regulated GNg supply was used 
to provide test chamber back pressure as we] i as provide window 
purge for the chamber viewports during the Task I testing. The 
window purge was eliminated early in the Task IV testing to im- 
prove photographic quality as discussed in Section V.D.l. 

3. Cold Flow Test Setup 

The cold flow tests were also conducted in 
the Research Physics Laboratory. Filtered, de-ionized water was 
used as the test fluid on most tests. Pressure measurements 
were made using Heise gages and flow rate was calculated using a 
time/volume technique, with run times of from 60 to 200 seconds. 
On some tests strobe light photographs were obtained in order 
to better evaluate propellant stream properties. Selected tests 
also were made with dyed water and freon as the test fluids in 
order to evaluate stream impingement characteristics. 

4. Hot Fire Instrumentation 


High speed color photographs of the spray 
field were taken with the photographic equipment shown in Figure 
36. Pictures were taken over a wide range of exposures, from 8000 
pictures per second (1.25 p sec exposure) down to 400 PPS (25 y sec 
exposure) with a Hycam Model 41-0004 high speed camera. Four 
hundred foot rolls of Ecktachrome EF No. 7242 film were used which 
allows approximately 0.6 sec. of constant speed frame rate at 8000 


- 52 - 



f 
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PPS and approximately 30 sec. constant speed at 400 PPS. 

Lighting of the spray field was accomplished 
with the use of three 1000-watt quartz iodine lamps focused with 
Fresnel lenses. One lamp was used to backlight the spray area 
with the second and third lamps used as top and front lighting 
to provide spray detail and definition. 

The lighting was improved during the Task IV 
testing by replacing the front and top lights with smaller 750 
watt lamps and a.Ju ng another lamp to light the bottom port. 

The smaller lamps were placed within one inch of the top and 
bottom windows to maximize the illumination. The net effect was 
to improve the balance between the front lighting and the back 
lighting. 

The high frequency and low frequency instru- 
mentation listed in Tables Vlli and IX were used in the locations 
shown in the schematic of Figure 38. 

Low frequency response test parameters were 
recorded on a Consolidated Electrodynamic Corporation's direct 
writing oscillograph. The high frequency response data were re- 
corded on a Sangamo Model 3564 analog tape recorder. 


The operating point data indicated in Table IX 
•ere digitized and stored in the on-line HP 2100 A Computcr/Real 
Time process controller for "quick look" test review. 
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TABLE I I 

RSS STUDY PARAMETER SUMMARY 


PARAMETER 

Propellant Combination 

Element Type 
Element Size 

Element Mixing Efficiency 

Element Spacing 

Injection Velocity 

Chamber Pressure 

Fuel Temperature 

Oxidizer Temperature 

Mixture Ratio 

Stream Dynamic 
Pressure Ratio 


RANGE INCLUDED IN STUDIES 

N 2 O 4 /MMH, N20^/A-50, N 2 O 4 /UDMH. 
Np0./M-50, NpO./Furfuryl Alcohol, IRFNA/UDMH, 
CIF5/N2H4 

Unlike Doublet, Like Doublet, Quadlet, F-O-F 
and O-F-0 Triplets 

.020 to .236 in Dia. (,051 - ,599 cm) 

0.1 to 1 .0 

Not Specified 

5 to 145 ft/sec (1.5 - 44,2 m/sec) 

6 2 

Atmospheric to 500 psia (3,44 x 10 N/m ) 

40 to 250°F '278 - 394“K) 

-10 to 140*F (250 - 333°K) 

0.5 to 3.0 

0.3 to 8.0 Fuel/Oxidizer 
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TABLE III 


f 

4 






I 




COMPARISON OF HEAT RELEASE RATES AND VAPOR PRESSURE 


Fuel 

at 100°F, (311°K) 
psia (N/m^j 

Heat Release Rate 
Kcal/sec-mole of NTO 

N2H4 

0.65 (4.47 X 10^) 

4 X 10^ 

UDMH 

5.9 (40.7 X 10^) 

14 X 10^ 

MMH 

1.9 (13.1 X 10^) 

20 X 10^ 


TABLE IV 

PREDICTED AND MEASURED RSS PRESSURE LIMITS 


Fuel 

^V 

at 100°F (3irK) 
psia (N/m2) 

Predicted 

Limit 

psia (N/m 2 ) 

Measured* 
Limit p 
psia (N/m*^) 

Orifice 

Type 

★★★ 

N 2 H 4 

.65 (4.47 X 10^) 

300 (2.07 X 

10 ®) 

300 (2.02 X 10®) 

Unlike Doublet 
L/D = 100 

MMH 

1.9 (40.7 X 10^) 

400 (2.76 X 

10 ®) 

150 (1.03 X 10®) 

Unlike Doublet 
L/D * 24** 

A-50 

4.5 (13.1 X 10^) 

500 (3.45 X 

10 ®) 

200 (1.38 X 10®) 

Unlike Doublet 


L/D = 24** 


♦Ambient temperature propellants 
♦♦Contoured Inlets 
♦♦♦Zung, Ref. 27 



TABLE V. 

TASK III TEST OBJECTIVES AND RESULTS 
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TABLE VI 



COMPARISON OF HEAT RELEASE RATES AND 

RSS LIMIT 


Heat Release Rate 

Measured RSS p 


Kcal/ sec -mole of NTO 

Limit psia, N/m^ 

N 2 H 4 

4 X 10^ 

300 (2.07 X 10®) 

A- 50 

s 

200 (1.38 X 10®) 

UDMH 

14 X 10^ 

- 

MMH 

20 X 10^ 

150 (1.03 X 10®) 


( 
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table VIII 

HIGH FREQUENCY RESPONSE INSTRUMENTATION 


Test Instrument 

Parameter Symbol Make 


Oxidizer Manifold 
Pressure 

POJHF 

Kistler 

Fuel Manifold 
Pressure 

PFJHF 

Kistler 

Oiamber Pressure 

PCHF 

Kistler 

Injector 

Acceleration 

ACC 


Injector Probe 
Temperature 

TPl 

C/A 


Model 

Range 


Accuracy 

601 

0-3000 psi 

(P-P) 

+ 0.5% 

601 

0-3000 psi 

(P-P) 

+ 0.5% 

601 

0-3000 psi 

(P-P) 

+ 0.5% 

- 

0-500 g‘s 


+ 0.5% 


0-500 °F 


+ n 



TABLE IX 

LOW FREQUENCY RESPONSE INSTRUMENTATION 




RECORDER 


TEST PARAMETER 

SYMBOL 

RANGE 

UNITS 

"0“ GRAPH TAPE 

DIGITAL 

Oxid. Tank Pressure 

POT 

0-1500 

PSIA 

X 


Fuel Tank Pressure 

PFT 

0-1500 

PSIA 

X 


Oxid. Injector Pressure 

POJ 

0-1500 

PSIA 

X 

X 

Fuel Injector Pressure 

PFJ 

0-1500 

PSIA 

X 

X 

Chamber Pressure 

PC 

0-1000 

PSIA 

X 

X 

Window Purge Pressure 

PNZ 

0-2000 

PSIA 

X 

X 

Oxid. Flowrate 

WO 

0-0.1 

LB/SEC 

X 

X 

Fuel Flowrate 

WF 

0-0.1 

LB/SEC 

X 

X 

Oxid. FloMneter Temp. 

TOFM 

0-500 

°F 

X 

X 

Fuel Flowmeter Temp. 

TFFM 

0-500 

°F 

X 

X 

Oxid. Injector Temp. 

TOO 

0-500 

°F 

X 


Fuel Injector i ip. 

TFJ 

0-500 

®F 

X 


Oxid. Valve Voltage 

VOV 



X 


Fuel Valve Voltage 

VFW 



X 


Wind Purge Valve Voltage 

VWPV 



X 


Camera Voltage 

VCAM 



X X 


Injector Purge Valve Voltage 

VIPV 



X 



1 







UNLIKE DOUBLET WITH ROUNDED INLETS & 24/1 L/D - 
MMH AND A-50 FUELS 


SPLASH PLATE 
PLATELET — - 


I ^ /—UNLIKE DOUBLET WITH 
<A / 100/1 L/D - N„H, FUEL 

/ (Zung, Ref. 2F)^ 


TRIPLET WITH SHARP — - 

. EDGED INLET & 4-6 L/D - MMH FUEL- 



LIKE-ON-LIKE DOUBLET 
EDM & PLATELE T 


All Data From Lawyer 
Except as Noted 







Figure 3. Weber Number Model 



Control 

Volume 



Figure 4. Vapor Phase Reaction Model 
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INVESTIGATOR LAWVER 


OF = 0.020 


O MIX 
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Figure 5. Effect of Fuel Weber No. and Vapor Phase Mixture 
Ratio on RSS 
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j Figure 6. Effect of Fuel Temperature on ERE 
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t PENETRATED - Injection process 
results in the penetration of the fuel 
and oxidizer with propellants uninixed 
on the opposite side of the element. 
Same effect on combustion efficiency as 
separated flow regime. 



Low Reactivity Propellants 
Small Orifice Size 
Low Injection Velocity 



• MIXED - Injection process 
results in uniform mixture of fuel 
and oxidizer and high combustion 
efficiency. 



Lower Propellant Temperatures 
Lower Reactivity Propellants 
Smaller Orifice Size 
Unequal Stream Dynamic Pressures 


• PENETRATED/MIXED - Injection 
process results in some propellant 
penetration, but with a mixed region 
also. 


High Fuel Temperature 

High Oxidizer Temperature 
(oxidizer vaporization) 

Highly Reactive Propellants 

Larger Orifice Size 

Lower Propellant Temperatures 
Lower Chamber Pressure 
Larger Orifice Size 
Higher Contact Time (D/V) 
Reactive Propellants 
Equal Stream Dynamic Pressures 


Figure 7. Reactive Stream Impingement Regime 



• POPPING - Cyclic blowapart of ^ 
a single element or the spray detonation 
of a large group of elements. Random r 
occurrence which could lower the over- JK 
all time averaged combustion efficiency 
and effect combustion stability. A 


• SEPARATED - Injection process , 
results in the separation of fuel and ' 
oxidizer before mixing with the pro- 
pellants remaining in their respective 
side of the element. Results in a low, 
combustion efficiency which will im- 
prove to some degree with increasing 
chamber length. 




























Pressure psia 





Figure 13. Pressure vr Temperature - Df = 0.040 
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N2C4 Mass Concentration 





N2H4 Temp ~ 1 /T “K x 10 ’^ 


Figure 15 . 


N2M4/N9O;, Ignition Limits 
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VAPOR PHASE REACTION CONTROLLED 
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Figure 16. Postulated RSS and Pop Controlling Mechanisms 


Convective 




Figure 17. High Pressure RSS Model 
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Figure 22. Effect of Pressure on Impingement Point Temperature 
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Figure 23. Effect of Weber No. on Impingement Pt. Temperat' re Rise 
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Injector Pressure Drop, psi 




Water Flow Rate, Ib/sec 

FIGURE 27. PRESSURE DROP CHARACTr.ISTICS OF UNLIKE DOUBLET 
INJECTOR ELEMENTS 
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FIGURE 28. PRESSURE DROP CHARACTERISTICS OF TRIPLET INJECTOR 
ELEMENTS 
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AMBIENT BACK PRESSURE 


XDT FUEL CIRCUIT 


SPLASH PLATE 
FUEL CIRCUIT 


OOP 



XDT OX CIRCUIT 


SPLASH PLATE 
OX CIRCUIT 



Water Flow Rate, Ib/sec 


FIGURE 29. PRESSURE DROP CHARACTERISTF3 OF PLATELET ELEMENT 
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Figure 32. Windcwed Photogri 




Figure 33. Unlike Doublet Injector 


































Figure 35. Self-Atomizing Platelet Injector Elements 






Propellant Flow System Schematic 









APPENDIX A 


NOMENCLATURE 









a 

b 

C 

S 

d 

D 

DELTl 

EM 

g 

IS 

K 

L 

M 

m 

MR 

MW 

n 

P 

PD 

AP 

PPF 

PPO 

• 

Q 

R 

RE 

REL 

RESID 

S 


NOMENCLATURE 

Coefficient in power form separation pressure correlation 

Exponent in power fomi separation pressure correlation 

Reactant concentration 

Heat capacity 

Orifice diameter 

Orifice spacing parameter 

Impingement point temperature rise 

Rupe mixing parameter 

Gravitational constant 

In (D/V sin 1/2 imp. angle) + 46.3 - 21800 (1/T) 

Rate constant 
Orifice length 
Mass 

Concentration exponent, propellant 1 
Mixture ratio oxidizer/fuel 
Molecular weight 

Concentration exponent, propellant 2 

Pressure 

Pc/D 

Pressure difference 
Fuel pa.-'tial pressure 
Oxidizer partial pressure 
Liquid phase heat release 

Reactivity, gas constant, or element spacing coefficient 
Orifice Reynolds number based on diameter 
Orifice Reynolds number based on length 
Propellant stream contact time 
Element spacing 


A-1 
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SPR 

T 

at 

t 

tr 

V 

W 

X 

XP 


Greek 

ii 

p 


Su bscripts 

a 

Avq 

c 

f 

q 

i 

inq 

J 

L 

LI6 


Fuel to oxidizer momentum flux ratio 

Temperature 

Temperature difference 

Time 

D/V, propellant stream contact time 

Velocity or volume 

Weber Number 

Weight flow rate 

Mole fraction 

Square root of fuel and oxidizer mole fraction 
product 

Viscosity 

Density 

Time 

Surface tension 


Ambient conditions 
Average conditions 
Chamber conditions 
fuel 

Gas phase 

Impingement point condition 

Ignition 

Manifol d value 

Liquid 

Ligament 
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Nomenclature (cont.) 


ox Oxidizer 

p Partial pressure 

RES Stream residence (contact) 

RSS Separated conditions 

V Vapor 

VP Vapor phase 
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Figure B-15. OMS-75, VDT-A Barrier, = 042 
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Figure B-17. OMS-75 VDT-360, = .025 
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LIST OF CORRELATIONS EVALUATED 



LIST OF CORRELATIONS EVALUATED 


CORRELATION 


P vs. Dp 
c F 


Pc/D vs. T, 


P^/D vs. (D/V)^ 


P^/D^ vs. T^ 
P^ vs. L/V^ 

?c vs. Tp 


P vs 


.)[xp 


P^ vs. W„ 
c e. 




P^ vs. W JP ^ P , (D/V). 

C VO vf f 

T1 - p 

c 

‘"c %ivo 


I/T^ vs. (D/V)f 

W„ vs. P „ P . 

^ ®f VO vf 


J R 


vs.\|P P . 
1 VO vf 


%^%''^fvo Pvf 


*Best Correlation 
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APPENDIX D 

TASK I - COMPUTER LISTINGS AND TASK I DATA SUMMARIES 


List of Appendix D Symbols 

Reactive Stream Separation and 
Popping Chronology (Table D-I) 

Hypergolic Stream Impinqement Data 
Compilation (Table D-IIy 

List of Appendix D Data Sources 

Propellant Stream Heating Model 

RSS Data Storage and Reduction Program 





C APPENDIX D LIST OF SYMBOLS 

c * 

Dp Fuel orifice diameter, in 

D^ Oxidizer orifice diameter, in. 

DV Stream contact time, sec, 

EM Rupe Mixing efficiency 

IS In (D/V sin 1/2 Imp. Angle) + 46.8 - 21800 1/T 

Imp. Angle Stream impingement included angle, ° 

L/D Orifice length/diameter ratio 

I MF/MO Fuel to oxidizer momentum ratio 

MR Mixture ratio, oxidizer/fuel 

Chamber pressure, psia 

R Element spacing correlation coefficient, 

R = 49.2 CF/[PC]V3 

c 2 

SPR Fuel to oxidizer momentum flux ratio (pV‘’)p/(oV 

TF Fuel temperature, °F 

TO Oxidizer temperature, '’F 

VF Fuel injectio'’ velocity, ft/sec 

VO Oxidizer injection velocity, ft/sec 
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APPENDIX E 

TASK III AND IV DATA SUMMARIES 
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APPENDIX E 
LIST OF SYMBOLS 


DELTI 

Imp. Angle 
L/D 
M'/MO 
MR 

MRVP 

Pc 

PFJ.POJ 
PFT.POT 
PPF, PPO 

apfj, apoj 

PN2 

NOZ 

REACT 

KEF,RE0 

RELF.RELO 

RESID 
TF (TFJ) 

TO (TOO) 
VANG 

Vr, VO 


Fuel and oxidizer orifice diameter, in. 
Impingement point temperature rise, °F 
Propellant Stream Impingement angle, ° 

Orifice length to diameter ratio 

Fuel to oxidizer momentum ratio 

Oxidizer to fuel mixture ratio 

Vapor phase mixture ratio 

Chamber pressure, psia 

Fuel and oxidizer manifold pressure, psia 

Fuel and oxidizer tank pressure, psia 

Fuel and oxidizer partial pressures, psia 

Fuel and oxidizer injector pressure drop, psid 

Nitrogen Gas Pressure, psia 

Chamber throat diameter, in. 

Reactivity, Re^ x XP 

Fuel and oxidizer orifice Reynolds number based 
on dia. 

Fuel and oxidizer orifice Reynolds no, based on 
length 

Propellant stream cotitact time, sec. 

Fuel temperature, °F 
Oxidizer temperature, °F 

Average of fuel and oxidizer injection velocity, 
ft/sec 

Fuel and oxidizer i ijection velocity, ft/se 


WEF, WEO 






f 


XF, XO 
XP 


List of Symbols (coot.) 

Fuel and oxidizer Weber no. 

Fuel and oxidizer weight flow rate, Ibm/sec 

Fuel and oxidizer mole fraction 

Product of fuel and oxidizer mole fraction ** 1/2 
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HIGH PERFORMANCE NgO^/AMINE ELEMENTS 
TABLE E-II- TEST RESULT SUMMARY 


Test No. 

”0 

(psla) 

^OJ 

(psia) 

"w 

(psia) 

^^OJ 

(Psi) 

(psi) 

“o 

OMsec) 

Wf 

! (Ib/sec) 

^OJ 

°F 

MR 

0C-il7-101 

308 

406 

401 

98 

93 

.0252 

-.0152 

88 

87 

1.66 

-102 

308 

O 

o 

406 

92 

98 

.0245 

.0156 

88 

87 

1.57 

-103 

309 

404 

404 

95 

95 

.0249 

.0153 

88 

87 

1.62 

-104 

ni 

404 

404 

93 

93 

.0246 

.0152 

88 

87 

1.62 

-105 

507 

605 

595 

98 

88 

.0252 

.or 3 

89 

88 

1 70 

-106 

1000 

1101 

1108 

101 

108 

.0256 

.0163 

89 

88 

1..‘’7 

-107 

308 

404 

395 

96 

87 

•• 

.0250 

.0147 

86 

85 

1.7 

-108 

263 

353 

350 

90 

87 

.0242 

.0147 

84 

84 

1.65 

-109 

197 

305 

302 

108 

105 

.0265 

.0161 

84 

84 

1.64 

-no 

158 

251 

253 

93 

95 

.0246 

.0153 

83 

83 

1.60 

-111 

100 

202 

204 

102 

104 

.0258 

.0160 

84 

83 

1.60 

-112 

89 

121 

122 

32 

33 

.0144 

. 009o5 

76 

76 

1.59 

-113 

101 

201 

197 

100 

97 

.0255 

.0156 

08 

87 

1.63 

-114 

162 

250 

245 

88 

3 

.0239 

.0144 

82 

82 

1.66 

-115 

203 

303 

298 

100 

95 

.0255 

.0154 

81 

78 

1.65 

-116 

269 

353 

347 

84 

78 

.0234 

.0140 

80 

77 

1.67 

-117 

301 

347 

345 

46 

44 

.0173 

.0105 

78 

76 

1.64 

-118 

310 

401 

401 

91 

91 

.0243 

.015' 

81 

81 

1.60 

-119 

510 

599 

596 

89 

86 

.0240 

.0147 

82 

82 

1.64 

-120 

1003 

1096 

1093 

93 

90 

.0246 

.0150 

82 

81 

1.63 






Test No. ^OJ ^FJ ''’oj ’’’pj mR 

(psia) (psia) (psia) (psi) (psi ) (lb/ sec (Ib/sec) °F °F 


OC -27-121 

160 

255 

254 

95 

94 

.0249 

.0153 

81 

80 

1.62 

-122 

338 

402 

399 

64 

61 

.0204 

.0123 

81 

80 

1.65 

-123 

334 

403 

400 

69 

66 

.0212 

.0128 

77 

77 

1.65 

-124 

955 

1016 

1021 

66 

61 

.0195 

.0120 

82 

82 

1.61 

-125 

495 

601 

595 

106 

100 

.0248 

.0154 

83 

81 

1.60 

-126 

298 

404 

400 

106 

102 

.0248 

.0156 

83 

82 

1.59 

-127 

283 

322 

321 

39 

38 

.01:96' 

.00952 

84 

81 

1.58 

-128 

256 

353 

350 

97 

94 

.0237 

.0149 

85 

83 

1.58 

-129 

191 

304 

299 

113 

108 

.0256 

.0160 

85 

83 

1.60 

t130 

152 

252 

251 

100 

99 

.0240 

.0153 

85 

82 

1.56 

-131 

95 

201 

199 

106 

104 

.0248 

.0157 

85 

83 

1.57 

-132 

114 

226 

223 

112 

109 

.0255 

.0161 

86 

83 

1.58 

-133 

411 

602 

595 

191 

184 

.0352 

.0212 

83 

83 

1.66 

-134 

97 

202 

197 

105 

100 

.0261 

.0150 

77 

197 

1.74 

-135 

119 

226 

223 

107 

104 

.0264 

.0153 

78 

199 

1.72 

-136 

150 

254 

249 

104 

99 

.0260 

.0150 

77 

199 

1.74 

-137 

188 

304 

298 

116 

no 

.0275 

.0158 

76 

199 

1 74 

-138 

243 

349 

353 

106 

no 

.0262 

.0164 

79 

195 

1.50 

-139 

103 

119 

123 

16 

20 

.0102 

.0070 

61 

59 

1.455 

-140 

81 

199 

201 

118 

120 

.0277 

.0171 

64 

62 

1.61 

-141 

81 

197 

201 

116 

120 

.0275 

.0171 

66 

64 

1.60 

-142 

119 

222 

227 

103 

108 

.0259 

.0163 

68 

67 

1.59 

-143 

129 

142 

146 

13 

17 

.00920 

.00646 

67 

67 

1.42 

-144 

154 

170 

172 

16 

18 

.0102 

.00664 

67 

67 

1.53 

-145 

152 

248 

248 

96 

96 

.02.60 

.0153 

68 

67 

1.62 



] 

J 






r'tmL' 

1 

t.. 







Table E-II (cont.) 





Test No. 

"c 

(psi?) 

'’oj 

(psia) 

''fo 

(fislai 

'psij 

(psi) 

“o 

(lb/ sec 

) (Ib/sec) 

°F 

Tfj 

“F 

MR 

OC-27-146 

190 

298 

298 

108 

108 

.0256 

.0162 

68 

67 

1.57 

-147 

258 

347 

348 

89 

90 

.0240 

.0148 

68 

67 

1.61 

-148 

102 

119 

122 

17 

20 

.0105 

.00700 

68 

68 

1.49 

-149 

99 

198 

202 

99 

103 

.0254 

.0159 

69 

69 

1.60 

-150 

297 

397 

398 

100 

101 

.0255 

.0157 

70 

69 

1.52 

-151 

484 

596 

594 

112 

no 

.0270 

.0164 

70 

69 

1.64 

-152 

958 

1084 

1085 

126 

127 

.0286 

.0176 

78 

74 

1.62 
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Table E-II (cont.) 


y ^ 


Test 

No. 

P 

c 

(psia) 

^00 

(psia) 

'■fj 

(psia) 

(psi) 

Jpsil 

«0 

Oysec) 

“f 

(Ib/sec) 

^OJ 

(°F) 

^FJ 

(°F) 

MR 

OC-27 

-153 

98.3 

108.9 

113.0 

10.6 

14.7 

0.00831 

0.00604 

55 

56 

1.38 


154 

99.5 

110.4 

109.7 

10.9 

10.2 

0.00843 

0.00503 

54 

55 

1.68 


155 

102.0 

119.1 

117.4 

17.0 

15.4 

0.01056 

0.00617 

54 

54 

1.72 


156 

106.8 

137.4 

141.3 

30.6 

34.5 

0.01416 

0.00926 

53 

54 

1.53 


157 

101.7 

137.7 

138.1 

36.1 

36.5 

0.01537 

0.00951 

53 

54 

1.62 


158 

100.6 

111.1 

108.0 

10.5 

7.4 

0.00826 

0.00427 

58 

58 

1.94 


159 

98.7 

110.2 

109.3 

11.6 

10.7 

0.00868 

0.00515 

57 

58 

1.69 


160 

100.8 

120.0 

119.4 

19.2 

18.5 

0.01121 

0.00678 

57 

58 

1.66 


161 

101.8 

119.7 

121.4 

18.0 

19.6 

0.01083 

0.00698 

58 

58 

1.55 


162 

102.4 

123.8 

119.2 

21.5 

16.9 

0.01184 

0.00647 

57 

58 

1.83 


163 

98.3 

141.1 

140.1 

42.9 

41.9 

0.01674 

0.01020 

58 

58 

1.65 


164 

100.1 

131.6 

130.2 

31.5 

30.1 

0.01434 

0.00864 

56 

57 

1.66 


165 

95.0 

160.6 

161.0 

65.7 

66.0 

0.02072 

0.01280 

56 

57 

1.62 


166 

94.9 

201.3 

199.4 

106.4 

104.5 

0.02637 

0.01610 

56 

57 

1.64 


167 

98.2 

132.1 

131.1 

33.0 

31.9 

0.01^^^' 

0.00890 

55 

55 

1.65 


168 

98.6 

132.0 

130.9 

33.4 

32.4 

0.01478 

0.00897 

55 

55 

1.65 


169 

95.2 

130.4 

128.1 

35.2 

33.0 

0.01523 

0.00907 

44 

44 

1.68 


170 

88.7 

249.4 

246.2 

157.6 

160.7 

0.03254 

0.01983 

44 

44 

1.64 


171 

94.8 

251.4 

246.5 

156.6 

151.7 

0.03212 

0.01945 

44 

44 

1.65 


172 

196.5 

221.9 

215.8 

25.4 

19.3 

0.01295 

0.00695 

44 

44 

1.87 


173 

197.7 

222.6 

220.7 

24.8 

23.0 

0.01278 

0.00758 

44 

44 

1.69 

* 

174 

201.2 

236.9 

236.4 

35.2 

35.2 

0.01534 

0.00937 

43 

44 

1.64 


175 

192.2 

256.2 

254.1 

64.1 

61.9 

0.02055 

0.01243 

43 

44 

1.66 

'A 

176 

96.7 

131.2 

130.0 

34.5 

33.3 

0.01505 

0.00911 

50 

50 

1.66 


177 

97.2 

131.9 

129.6 

34.6 

32.3 

0.01508 

0.00897 

48 

49 

1.68 


178 

95.7 

128.0 

126.7 

32.2 

31.0 

0.01456 

0.00878 

47 

48 

1.66 


179 

97.2 

131.1 

129.5 

33.9 

32.3 

0.01485 

0.00893 

64 

68 

1.67 


180 

201.9 

232.2 

229.7 

30.4 

27.8 

0.01403 

0.00828 

66 

71 

1.70 


181 

295.4 

327.0 

327.8 

31.6 

32.4 

0.01431 

0.00892 

67 

73 

1.60 


182 

181.8 

327.6 

327.0 

145.8 

145.2 

0.03066 

0.01885 

75 

78 

1.62 


183 

197.9 

327.5 

327.8 

129.5 

129.8 

0.02889 

0.01784 

76 

77 

1.62 
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Test No. 

>■0 

(ps1.a) 

’’oj 

(psia) 

’’fj 

(psia) 

^OJ 

(psi) 

Ta.bJ e 
. (psi) 

E-II (cont.) 

“0 “f 

(Ib/sec) (Ib/sec) 

^OJ 

(°F) 

^FJ 

("F) 

MR 

OC-27-184 

259.0 

323.3 

327.1 

64.3 

68.0 

0.02041 

0.01296 

71 

70 

1.57 

185 

269.3 

327.8 

326.4 

58.5 

57.1 

0.01948 

0.01187 

70 

70 

1.64 

186 

261.9 

293.3 

298.1 

31.4 

36.2 

0.01428 

0.00944 

69 

70 

1.51 

187 

292.9 

317.1 

315.3 

24.2 

22.4 

0.01254 

0.00744 

68 

69 

1.69 

188 

300.0 

335.9 

337.6 

35.9 

37.6 

0.01526 

0.00963 

70 

70 

1.58 

189 

294.9 

394.0 

400.2 

99.1 

105.3 

0.02531 

0.01611 

73 

72 

1.57 

190 

99.2 

131.1 

130.8 

31.9 

31.6 

0.01442 

0.00880 

64 

82 

1.64 

191 

97.9 

131.4 

131.4 

33.5 

33.5 

0.01480 

0.00903 

62 

93 

1.64 

192 

98.4 

131.5 

130.4 

33.1 

32.0 

0.01465 

0.00867 

71 

149 

1.69 

193 

98.0 

131.5 

130.2 

32.6 

31.3 

0.01448 

0.00851 

78 

177 

1.70 

194 

99.2 

133.7 

131.8 

34.5 

32.7 

0.01487 

0.00862 

80 

200 

1.73 

195 

201.5 

232.1 

229.0 

30.5 

27.4 

0.01398 

0.00791 

82 

196 

1.77 

196 

202.4 

231.5 

229.4 

29.1 

27.0 

0.01339 

0.00790 

124 

178 

1.69 

197 

202.4 

231.3 

228.3 

28.9 

26.0 

0.01345 

0.00796 

112 

89 

1.69 

198 

92.4 

109.4 

108.4 

17.0 

16.0 

0.0105 

0.00637 

53 

60 

1.64 

199 

94.3 

119.7 

120.2 

25.4 

25.9 

0.0128 

0.00311 

74 

85 

1.58 

200 

88.5 

120. 

11918 

31.5 

31.3 

0.0143 

0.00891 

65 

75 

1.60 

201 

96.8 

131.4 

131.5 

34.6 

34.7 

0.0149 

0.00938 

68 

73 

1.59 

202 

81.0 

159.7 

159.5 

78.7 

78.2 

0.0226 

0.0140 

669 

74 

1..61 

203 

101.8 

2C2.6 

198.8 

100.8 

97.0 

0.0255 

0.0156 

72 

72 

1,63 

i04 

94.8 

247.8 

242.8 

153. 

148.0 

0.0315 

0.0193. 

80 

70 

1.63 

205 

201.2 

222.5 

215.9 

21.3 

1477 

0.0117 

0.00611 

66 

68 

1.01 

206 

193.5 

231.2 

228.1 

32.7 

29.6 

0.0145 

0.00867 

77 

69 

1.67 

207 

193.0 

353.0 

348. 

160 

155 

0.0320 

0.0198 

80 

81 

1.61 

208 

295.0 

320.2 

319.7 

25.2 

24.7 

0.0127 

0.00792 

70 

74 

1.60 

209 

291 

314.8 

315.6 

23.8 

24.6 

0.0124 

0.00790 

63 

63 

1.57 

210 

293 

315.3 

314.5 

22.3 

21.5 

0.0120 

0.00739 

61 

64 

1.62 

211 

290 

313.6 

317.1 

23.0 

27.1 

0.0122 

0.00829 

62 

68 

1.47 

212 

290 

325.6 

324.4 

35.6 

34.4 

0.0151 

0.00934 

78 

84 

1.61 

213 

289 

357.1 

356.0 

68.1 

67.0 

0.0209 

0.0130 

76 

79 

1.60 

214 

293 

395 

39S 

102 

102 

0.0256 

0.0160 

75 

77 

1.60 

215 

292 

447 

450 

155 

158 

0.0319 

0.020 

71 

75 

1.59 

216 

489 

554.9 

553.7 

65.9 

64.7 

0.0205 

0.0128 

68 

70 

1.60 

217 

491 

598.7 

597.8 

10717 

106.8 

0.0263 

0.0164 

68 

68 

1.60 
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Table E-II (cent.) 


*^00 

( psia) 


(psia) 


(psi) 


^FJ 

(psi) 


(Ib/sec) 


OC-27-218 

135 

176.7 

175.7 

41.7 

40.7 

.0125 

.00745 

65 

70 

1.6/ 

219 

124 

177.5 

174.C 

53.5 

50.8 

.0142 

.00832 

72 

73 

1.70 

220 

98 

132.1 

133.0 

34.1 

35.0 

.0113 

. uuu9 

69 

71 

1.63 

221 

81 

103.3 

103.5 

22.7 

22.9 

.0093 

.00559 

62 

68 

1.66 

222 

148 

233.1 

220.8 

75.1 

72.8 

.0168 

.00995 

76 

75 

1.69 

223 

194 

326.0 

32.10 

132.0 

127.0 

.0222 

.01 30 

79 

97 

1.71 

224 

122 

175.7 

171.1 

53.7 

49.1 

.01422 

.00802 

77 

141 

1.77 

225 

123 

17S.1 

172.1 

55.4 

49.4 

.0144 

.00798 

80 

164 

1.80 

226 

122 

176.6 

171.4 

54.3 

49.1 

.0142 

.0078 

93 

229 

1.82 

227 

122 

176.8 

171. 1 

55.3 

49.6 

.0141 

.0078 

116 

242 

1.81 

228 

144 

219.6 

212.1 

75.0 

68.4 

.0165 

.00914 

127 

249 

1.80 

229 

119 

177.0 

175.4 

57.8 

56.2 

.0145 

.00829 

109 

245 

1.75 

230 

122 

177.1 

175.5 

55.5 

53.9 

.0141 

.00806 

120 

268 

1.75 

231 

146 

224.A 

220.9 

78.2 

74.7 

.0166 

.00945 

136 

280 

1.76 

232 

145 

224.9 

222.8 

80.3 

78.2 

.0166 

.00963 

162 

291 

1.72 

233 

124 

180.5 

181.5 

56.3 

57.3 

.0140 

.00826 

153 

285 

1.69 

^ 234 

123 

190.9 

186.9 

67.9 

63.9 

.0138 

.0082 

73 

76 

1.68 

236 

102 

142.7 

139.5 

41.1 

37.9 

.0107 

.00632 

71 

72 

1.69 

237 

81 

109 ') 

108.4 

28.5 

27.0 

.00896 

.00533 

74 

76 

1.68 

238 

144 

244.3 

240.2 

100.7 

96.6 

.0168 

.0100 

78 

82 

1.68 

239 

186 

367.6 

362.4 

181.6 

176.4 

.0225 

.0136 

79 

79 

1.65 

240 

164 

245.0 

243.9 

80.7 

79.6 

.0150 

.00917 

74 

74 

1.64 

241 

160 

246.5 

243.3 

86.6 

83.4 

.0156 

.00938 

77 

79 

1.66 

242 

166 

246.2 

242.2 

80.0 

76.0 

.0150 

.00897 

78 

71 

1.67 

243 

192 

368.8 

365.5 

176.7 

173.4 

.0222 

.01 35 

78 

75 

1.64 

244 

123 

193.1 

189.9 

70.5 

67.3 

.0140 

.00818 

79 

170 

1.72 

245 

117 

192.0 

191.2 

74.6 

73.8 

.0144 

.00838 

85 

239 

1.72 

246 

n9 

192.6 

192.0 

73.9 

73.3 

.01399 

.00821 

136 

288 

1.70 

247 

139 

245.9 

247.3 

107.2 

108.6 

.0169 

.0100 

132 

283 

1.69 

148 

137 

248.0 

246.0 

111.1 

109.1 

.01699 

.0100 

153 

288 

1.69 

249 

147 

247.5 

246.0 

100.1 

98.6 

.0161 

.00953 

154 

287 

1.69 

250 

125 

174.5 

171.1 

46.0 

42.6 

.0578 

.0268 

73 

75 

2.15 

251 

125 

174.1 

168.2 

49.2 

43.3 

.0598 

.0252 

70 

75 

2.37 

252 

99 

128.4 

125.5 

29.6 

26.7 

.0464 

.0199 

68 

78 

2.33 
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Table E-II (cont.J 


t No. 

P 

c 

(psia) 

'>00 

(psia) 

'’fj 

(psia) 

‘’’OJ 

(psi) 

‘’’fj 

(psi) 

“o 

(lb/ sec) 

“f 

(lb/ sec) 

^OJ 

("F) 

^FJ 

(°F) 

MR 

OC-27-253 

80 

100.3 

97.9 

19.9 

17.5 

.0381 

.0158 

72 

78 

2.41 

254 

146 

212.8 

207.7 

66.9 

61.8 

.0698 

.0327 

72 

76 

2.13 

255 

194 

310.6 

303.3 

116.6 

109.3 

.0921 

.0403 

71 

69 

2.28 

256 

119 

172.9 

169.6 

53.6 

50.3 

.0523 

.0279 

77 

178 

2.23 

257 

116 

173.2 

168.9 

57.1 

52.8 

.0644 

.0283 

76 

244 

2.27 

258 

113 

173.4 

168.7 

60.2 

55.5 

.0641 

.0336 

140 

312 

1.90 

259 

131 

213.7 

210.0 

82.6 

78.9 

.0752 

.0327 

120 

300 

2.31 

260 

137 

213.9 

208.5 

77.4 

72.0 

.0720 

.0312 

153 

301 

2.30 

275 

126 

174.1 

170.9 

48.2 

44.9 

.0282 

.0160 

59 

71 

1.76 

276 

129 

169.9 

171.5 

41.4 

42.6 

.0259 

.0156 

78 

77 

1.66 

111 

101 

125.3 

125.9 

24.5 

25.0 

.0200 

.0119 

71 

80 

1.67 

278 

81 

98.1 

95.3' 

17.5 

14.7 

.0169 

.00917 

71 

77 

1.84 

279 

157 

211.9 

216.3 

54.9 

59.3 

.0300 

.0184 

71 

75 

1.63 

280 

210 

303.2 

314.5 

97.8 

104 

.0400 

.0244 

72 

73 

1.64 

281 

129 

172.3 

177.2 

43.5 

48.4 

.0266 

.0162 

80 

150 

1.64 

282 

129 

172.6 

178.3 

44.0 

49.6 

.0267 

.0160 

85 

226 

1.66 

283 

132 

173.1 

178.1 

41.7 

46.7 

.0259 

.0154 

85 

250 

1.68 

284 

130 

173.1 

78.1 

43.4 

48.4 

.0259 

.0155 

130 

287 

1.66 

285 

156 

217.3 

224.3 

61.5 

68.4 

.0308 

.0184 

131 

296 

1.67 

286 

150 

217.2 

224.7 

66.7 

74.3 

.0318 

.0192 

145 

297 

1.66 

287 

124 

154.3 

154 

30.1 

29.9 

.0139 

.00857 

72 

82 

1.63 

288 

98 

117.3 

117.3 

19.0 

19.0 

.0111 

.00684 

73 

72 

1.62 

289 

78 

91.2 

92.6 

13.0 

14.3 

.00916 

.00594 

75 

76 

1.54 

290 

78 

91.2 

91.1 

13.6 

13.5 

.00937 

.00576 

74 

75 

1.62 

291 

147 

190.3 

188.3 

43.0 

41.0 

.0166 

.0100 

75 

75 

1.66 

292 

198 

274.8 

272.1 

76.8 

74.1 

.0222 

.0135 

.76 

76 

1.65 

293 

123 

154.9 

154.7 

31.7 

31.5 

.0143 

.0085 

75 

185 

1.68 

294 

123 

154.9 

153.6 

32.2 

30.9 

.0143 

.00827 

80 

249 

1.74 

295 

121 

154.9 

155.7 

33.7 

34.5 

.0144 

.00875 

116 

240 

1.65 

296 

145 

194.0 

192.6 

49.1 

47.7 

.0173 

.01011 

131 

290 

1.71 

297 

144 

195.2 

196.5 

51.5 

52.8 

.0175 

.0106 

152 

294 

1.65 
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